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Chapter 1
Deformation and Fatigue of Solders

Giinter Grossmann

In this chapter, a brief introduction in the definition of cyclic load as well as in the
deformation mechanisms and their corresponding degradation mechanisms is
given. For more in-depth information, there is ample literature available.

1.1 Deformation
1.1.1 Time-Independent Deformation

Every material deforms if stress is applied. The deformation can be either elastic,
which means that the deformation is reversible as soon as the load is removed or
instantaneous plastic if the stress is above the so-called yield stress.

The elastic deformation has its origin in the stretching of interatomic bonds.

The bonds are a combination of attractive and repulsive forces with the net
force being zero when the bond is at equilibrium. Clearly, when the atoms are far
apart, the attractive part must dominate and when they are very close together, the
repulsive part is greater; both contributions decay away as the separation increases.
The combination of attractive and repulsive forces manifest in the general atomic
force (F)—atomic spacing (r) graph (Fig. 1.1).

A tensile force will lengthen the interatomic bonds and will be opposed by the
attractive part of the interatomic force. As soon as the minimum of the F—r graph
is reached, the external force will dominate and the bond will break.
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Fig. 1.1 Atomic force—atomic spacing graph

This behaviour can be illustrated with a spring. As a load is applied, the spring
extends following a linear law

F=C-Al (1.1)

F load, C spring constant, Al deformation.
In construction materials, this relationship is expressed as

c=FE-¢ (1.2)
o stress, E modulus of elasticity or Young’s modulus, ¢ strain or under shear load.
1=G-y (1.3)

T shear stress, G shear modulus, y shear strain.

The elastic deformation is principally time independent. This means the spec-
imen deforms as soon as a load is applied.

As soon as the spring is stretched above a certain amount, it will relax the
maximum elastic amount but also the spring will show a remaining deformation if
the load is removed. This behaviour is visible in most metals. If a metal is strained
more than 0.5%, the stress—strain behaviour is clearly no more a straight line but a
curve and a not-recoverable deformation called plastic deformation takes place.
The plastic deformation is caused by the movement of crystal layers above each
other. As soon as a certain stress is exceeded, dislocations in the crystal lattice will
be activated to move through the crystal lattice and thus two plains of atoms are
moving across each other. The point where the elastic deformation gradually
merges to the plastic deformation is called the proportional limit. However, this
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point cannot be defined precisely. To overcome this problem, a line with the same
slope as the elastic line is drawn, originating from a given strain, usually 0.2%.
The intersection of this line with the curved line of the stress—strain diagram is
called the yield strength (Fig. 1.2).

1.1.2 Time-Dependent Deformation

There is also a time-dependent elastic deformation. This means that under a
constant load, a material deforms and after the load is removed, the deformation
goes back to 0 over time. This behaviour is called anelastic deformation.

If a material under load experiences an elevated temperature, time-dependent
plastic deformation takes place, which means that the material shows an ongoing
deformation under constant load. This deformation is called creep.

In contrast to the spring example, a material that creeps can be compared with a
wet chewing gum. If one applies a constant load to such a specimen, it will
constantly deform until it breaks. Varying the load results in differences in the
deformation rate. The heavier the load, the faster the chewing gum deforms.
If the specimen is cooled down, the deformation will come to an end as soon as the
chewing gum is frozen.

How fast a material deforms if a certain load is applied depends on how close it
is to its solidus temperature. How close the temperature of the application is to the
solidus temperature is expressed with the homologues temperature

Tp

T:
HTS

(1.4)

T temperature of application (K), Ts temperature of solidus (K).
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Note that absolute temperatures in Kelvin are to be used.

As soon as a material surpasses a Ty of 0.5, creep becomes an important part of
the deformation history.

In creep, two deformation mechanisms are dominant: grain boundary sliding
and dislocation creep. In grain boundary sliding (GBS), the crystals that make up
the metal slide above each other along their grain boundaries. Since the grains fit
only in one configuration, they have to move on complex paths combining rotation
and lateral movement in all three dimensions to come around each other. As soon
as the stress applied exceeds a certain value, dislocations will start to glide through
the grains (DC), thus deforming the grains. Again in both cases the deformation
causes microvoids to form that have to be filled up by diffusion.

Thus, GBS occurs if low stress results in a slow deformation, DC is the
dominant deformation mechanism if large stress is applied to a specimen.

In reality, GBS and DC never occur on their own. Also, with a low overall
stress that would activate GBS only, local stress build-up can cause local DC.

In contrast to the elastic deformation, creep is time dependent as already
mentioned earlier. Thus, the load does not cause a certain deformation but a

deformation rate.
Al
F=fFf— 1.5
(%) (1)

F force, Al elongation, At time; or as stress—strain.

o =f(¥) (1.6)
o normal stress, ¢ strain rate; or under shear load
T=£(9) (1.7)

T shear stress,  shear strain rate.

This means the more load one applies to a specimen, the faster it deforms, and
the longer one waits, the more the specimen deforms; in other words, every
deformation can be achieved with every load—it is just a question of time. Thus, it
is senseless to speak of a yield strength when characterising soft solder: Since
Creep is the main deformation mechanism in soft solders due to their high
homologues temperature even at room temperature (Table 1.1), every deformation
rate will result in another yield strength.

If a creep test is done, where a constant load is applied to the specimen and the
deformation is monitored, one sees that the strain often varies over time (Fig. 1.3).
After an initial elastic deformation, primary creep with a varying strain rate takes
place followed by a regime with mostly constant creep rate called secondary creep.
In the end, the creep rate starts to increase due to damage in the material until the
specimen fails.

If the creep rate of metals is plotted against the stress applied in a double
logarithmic plot, one sees that over a limited interval, the measurement points are
located on a straight line.
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Table 1.1 Ty at 20°C of Alloy 7 Ty (20°C)
some soft solder alloys
SnPb;sAgs 183°C, 456 K 0.643
SnAgs sCug 7 217°C, 490 K 0.598
SnAgs s 221°C, 494 K 0.593
SnCug 7 227°C, 500 K 0.586
Fig. 1.3 Creep behaviour _—
with constant load ‘® | Primary Secondary Ternary
0 |creepi creep i creep
EEIastic
gdeformation
Time

Norton [1] surveyed creep in steel and described the nearly linear relationship
of the secondary creep in the double logarithmic plot with

j):A(é)nexp {%} (1.8)

7 creep rate, A constant, T shear stress, G shear modulus, n exponent, Q activation
energy, R gas constant, T temperature in K

where 7 is normalised with the shear modulus G in order to eliminate the units
of 7 and an Arrhenius term is used to account for the influence of the temperature.

However, in solder, over an extended measurement range of stress vs. strain
rate, one sees that the measurement points are no more located on a straight line
(Fig. 1.4).

Several models have been used to describe this behaviour.

A very popular model is the approach of Garofalo [2] who approximated the
curve where the points are located with a sinh-relationship:

7 = Cy[sinh(C,7)]" (1.9)

y creep rate, C;, C, constant, T shear stress, n exponent.

Another possibility has been proposed by Hart [3] who treated the system of
grain boundary sliding (GBS) and matrix creep (MC which is the same as DC)
with a rheological analogue (Fig. 1.5). Hart modelled GBS with a linear viscous
law and MC by a power law.
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Fig. 1.4 Measurement of -2
creep of SnPb3gAg, at room &
temperature <
o0
&
2 %
Q0
4
P
B
=
5
-6
-7
0 0.5 1 1.5
log 1
Fig. 1.5 Analogous model MC GBS
of Hart

MC

The system of Fig. 1.5 can be modelled with
o =ooly + (1 —y)Z]¢" (1.10)

o stress, ¢ strain rate, oy material constant, y material constant, y parameter for the
grain size; with

Ob

Z= (1.11)

Om
oy, stress in the grain boundaries, o, stress in the matrix.
Another constitutive equation proposed by Weber and Grossmann [4] models
the deformation behaviour of soft solder as the sum of the two deformation
mechanisms GBS and DC, both expressed with a Norton equation:
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A el (e 2]

7 strain rate, t shear stress, G dynamic shear modulus, Qggs activation energy
GBS, Opc activation energy DC, n exponent GBS, m exponent DC.

1.2 Degradation Due to Cyclic Load

1.2.1 Definition of a Cyclic Load

A regular cyclic load is defined by its stress amplitude a,, its mean stress o, as
well as the upper stress level gy, the lower stress level ¢ and the period of a cycle
t (Fig. 1.6) with

0a = Oy — O] (1.13)

0, stress amplitude, o, upper stress level, a; lower stress level or with the stress
quotient R:

01

R= 1.14
- (1.14)
o) lower stress level, o, upper stress level; and
1
f=- (1.15)

f frequency, ¢ time for 1 period.

A cyclic load can be single-levelled with oy, and o, constant or multi-levelled
with varying ¢, and o,. The frequency f is rarely varied since if f is varied, the
evaluation of the resistance of a material against fatigue becomes multidimen-
sional and extremely complex.

+to +to
Gy % I 7™ pa
i N I
Oa O I
N\ /s
o, —
-0 -0

R=- R=-0.5 R=0 R=1

Fig. 1.6 Definition of a cyclic load
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1.2.2 Fatigue Testing

The resistance of a material against cycle fatigue is evaluated by cyclic fatigue
testing with two kind of testing set-up: In one set-up, o, is held constant and o,
varies and in the second set-up, both, ¢, and 7, are varied.

1.2.2.1 o, Constant, 6, Varying

Usually o, is 0, which means that the specimen encounters cyclic tensile and
compressive stress. By varying o,, the average number of cycles to failure (V) is
determined for each level of g, (Fig. 1.7). The resulting curve of Ny = f-(g,) is
called Wohler’s curve.

Of course there is a considerable spread in the measurements of Wohler’s
curve. Thus, the failure probability has to be included in the measurements to
describe the resistance of a material against high-cycle fatigue (Fig. 1.8).

1.2.2.2 6,, and ¢, Varying

If both parameters are varied, there are 2 ways to look at the results. The
straightforward one is to draw the average Wohler’s curve for various o, in one
diagram (Fig. 1.9).

The other possibility is to fix a desired N¢for a specimen and plot the ¢, and oy,
combinations leading to this particular N; in the Haigh diagram (Fig. 1.10).

1.2.3 Brittleness

The brittleness of a material is measured in the Charpy test with an impact tester
where a pendulum hits a specimen that bears a notch (Fig. 1.11). The geometry of
the specimen and the notch are standardised in EN10045.

G, Ca

log N,

Fig. 1.7 Determination of Wohler’s curve [5]
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500
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400
350

Stress[MPa]

1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08 1.00E+09
log Nf

Fig. 1.8 Wohler’s curve of an Al-alloy with ¢,,, = 0 with the probability of occurrence as free
parameter [6]

Fig. 1.9 Wohler’s curve for I
varying oy, with
Oml > Om2 > Om3 [6]

T

m2

Stress amplitude

Ty

log Nf

The energy loss of the pendulum given by the difference of height between the
starting position and the end position of the pendulum (H-h) is a measure for the
brittleness of the specimen. A ductile material will absorb more kinetic energy
than a brittle material and thus /# will be smaller if a ductile material is tested than
for a brittle material. The brittleness of a material depends on the crystal structure,
on grain size and on shape and size of particles to name a few influencing factors.
Whether a material is brittle or not depends also on its temperature. Many
materials show a transformation from ductile to brittle as a function of temperature
called the transition temperature.

This transition from brittle to ductile is influenced by the crystal lattice. Cubic
face-centred (fcc) materials such as Pb, Al or Cu retain their plasticity at low
temperature where cubic body-centred materials such as Fe, Cr or W show a clear
transition temperature (Fig. 1.12).
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Fig. 1.10 Haigh diagram for a given N; [6]

Various parameters influence the brittleness of solder, as discussed in Chap. 2.

There seems to be no widely accepted parameter or index (in ASTM, or ASM
or Mil Handbook standards or elsewhere) for distinguishing brittleness from
ductile failure. The best statement might come from the qualitative guidance
offered by Charpy impact toughness measurements (either as a function of tem-
perature or strain rate), where failures below the transition toughness level are
considered as generally brittle and those above that as ductile. For tensile tests, it is
common to report failure strains, and let readers make the judgement in the context
it was presented. In industry, anything below a few % failure strain such as 5 or
10% (from a room temperature tension test, for example) would be considered to
be brittle. Thus, there can be an “arbitrary” industry basis, with some under-
standable justification, to call a material brittle for failure strains less than a few
percent.

Regarding shear failure strains, it is difficult to apply such a definition.
Microscopically, some single crystals of ductile metals will fail by pure shear
along slip planes when suitably oriented in tension tests, but in shear, they can
exhibit very large strain to fracture, often like 20, 50%, due to accumulation of
sliding on planes across the gage section.


http://dx.doi.org/10.1007/978-0-85729-236-0_2
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Fig. 1.11 Charpy test
25 < Aluminium
m Copper
= 20 4 Nylon
B A
[= L L 4
2 15 o Zinc
w
S 1.0}
8
E
05t
| ;_;_—; 45—

0.
-0200 -150 100 -50 0 50 100 150
Temperature [°C]

Fig. 1.12 Transition of some materials [7]
On the other hand, under biaxial pure shear load, one could have a material fail

with an overall strain at rupture above 10%. However, taking the strain to failure in
either stress direction, it could be that in one direction high strain occurs thus being
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log Stress, S

Wohlers line

| Inf. live

-

= >
510 |09Nf

Fig. 1.13 Zones in Wohlers curve

characterised as ductile failure while in the other direction the material deforms
only a few per cent and should be declared as brittle

1.2.4 Modes of Fatigue

In Wohlers curve, three areas can be identified (Fig. 1.13). On the left side, one
can see that the stress applied has nearly no influence on Ny. Degradation in this
area appears early and is called low-cycle fatigue (LCF). In order to have a more
precise definition, it is common sense that failures below 5 x 10 are assigned to
LCF. If a specimen fails, later it is attributed to high-cycle fatigue (HCF). Some
materials, such as steel, show a fatigue limit, a stress level below which no failures
occur which is assigned as infinite life. This limit is not easy to determine because
the limit occurs at low stress levels where tests usually run for a long time and
where it is difficult to distinguish between a slow degradation and a real fatigue
limit.

1.2.4.1 Low-Cycle Fatigue

As already mentioned, in LCF, the stress amplitude applied has no direct influence
on Ny. This is due to the fact that in LCF, the degradation is strain driven. Be it
time-independent or time-dependent strain. In slow cycles where time-dependent
deformation takes place, not only the stress applied to a specimen has to be
considered but also the time (the frequency) is important. This applies specially to
ductile materials such as solder where creep is essential.
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Each cycle will leave some microvoids because the grains only fit in one
configuration and every plastic deformation due to GBS will cause voids due to the
geometric mismatch. Along the grain boundaries, atoms will diffuse from areas
with compressive stress to the voids and fill them up. The longer one waits, the
more atoms will diffuse into the voids, and the higher the temperature, the faster
the diffusion takes place. However, usually the cycle will be reversed before the
voids are totally filled up, thus leaving a microvoid. With every cycle, new
microvoids form and coalescent to large defects. The larger the deformation per
cycle is, the larger are the microvoids that form. This means that in LCF, a
degradation field develops where microvoids coalesce during the cyclic load to
crack like separations. This degradation field corresponds to the strain filed in a
material which means that degradation due to LCF can form locally in a volume.
The occurrence of local degradation is well visible in lead-free solder after thermal
cycling (Fig. 1.14).

The degradation due to LCF has been modelled by Coffin and Manson with

Ni-gy=C (1.16)
Ny number of cycles to failure, &, plastic deformation per cycle, « degradation
exponent, C constant as well as by Morrow with

Ne-EF =C (1.17)

Ny number of cycles to failure, Ey, strain energy per cycle, f degradation exponent,
C constant.

The strain energy can be derived from the area in the stress—strain hysteresis,
which occurs in a material under cyclic load with plastic deformation. The main
difference of the two models is the fact that in the Coffin-Manson approach, only
the strain is the driving force for the degradation. The model of Morrow assumes
that also the stress applied influences the degradation. With the approach of

Fig. 1.14 Degraded solder
joint made of SnAg; sCug 7
after 4,000 thermal cycles
(—=20°C/+120°C)

200 pm
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Morrow, this means in practical applications that short thermal cycles (e.g. in an
accelerated test with steep temperature ramps and large temperature excursion)
with large stress but small strain result in an equivalent degradation as in a slow
cycle with reduced temperature excursion which, due to creep, will induce large
strain with small stress because the area in the stress—strain hysteresis is the same
in both cases. The Coffin Manson approach restricts the possibility of accelerated
testing since in any test, the cycles must be long enough to allow the material to
creep. Generally, it does not make a big difference which of the two models is
used. Since it is easier do determine the strain per cycle than the strain energy, the
Coffin—Manson relationship is more popular than Morrows equation. Assuming
total relaxation during each thermal cycle in the solder joint of an electronic
component, the strain can be estimated by:

AO('A’(9~Z()

- (1.18)

&pl =
Ao difference of the coefficients of thermal expansion between the component and
the PCB, A9 temperature swing, [, half-length of the component, d thickness of
solder gap.

Of course this is only an estimate. The deformation field can only be deter-
mined with FEM simulation as it is outlined in Chap. 3. However, also the sim-
ulation has its limitations. It shows the deformation field for a given idealised
geometry only. In reality, the geometry and also the structure of the solder, which
influences the creep behaviour of the solder, change continuously as the degra-
dation evolves. And, due to differences in the geometry and in the structure of the
solder joints, the degradation evolves different in each joint. The consequence is
evident in a component with two connectors such as a chip resistor. One of the
solder joints will degrade faster than the other. This means that over time, the load-
bearing area of one joint becomes smaller than the one of the other joint, which
again means that in the end of the process, the weaker joint only will be deformed
and degrade. As a consequence, in Eq. (1.18), the full length of the component has
to be used for 1, instead of its half-length.

However, for a first approximation of the live time of a solder joint, one can say
that the estimate as shown above is often precise enough despite its shortcomings.

1.2.4.2 High-Cycle Fatigue

HCEF is stress driven in contrast to LCF. If a load is applied to a homogeneous
specimen, the stress is evenly distributed. However, if the bearing cross-section of
the specimen contains a discontinuity, stress amplification at the tip will occur
(Fig. 1.15). The maximum stress occurring at the tip can be calculated with

a
Omax = 2004 [ — 1.19
. \/; (1.19)
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Fig. 1.15 Local overstress F
due to a discontinuity [6]

Omax Maximum stress, g, average stress, a length of discontinuity, p radius of
discontinuity.

Due to a certain plasticity in metals, 0.« is transformed to strain in a limited
zone around the tip. The radius of this zone depends on the mechanical properties
of the material. In a brittle material, the radius p is smaller than in a ductile
material and because of the term 1/p, 0,,.x becomes infinite if p is converging to 0O,
independently of the applied load. This maximum stress can be high enough to
break up the bonds of the atoms that are right at the end of the tip. As a result, a
crack will grow as long as a positive load is applied in a cycle even if the load is
far below the yield strength of the material. In other words, the more brittle a
material is, the more HCF becomes a thread. The progress of a crack due to high-
cycle fatigue can be seen on the surface of a rupture. From an initial site, the stair-
like striations indicate the path of the fatigue until the bearing area is so small that
the yield strength of the material is exceeded and a forced rupture occurs
(Fig. 1.16).

Because in the HCF zone, the Wohler curve is very close to a straight line, the
degradation has been modelled by Basquin with

o-NI=C (1.20)

g stress amplitude, N; number of cycles to failure, o degradation exponent,
C constant.
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Fig. 1.16 High-cycle
fatigue damage

Generally, high-cycle fatigue is not a concern for solder joints, since due to the
ductility of the material, the critical radius will never converge to 0. With SnPb
solder also the brittle interfaces with intermetallic compounds which are prone to
high-cycle fatigue rarely see enough load to exhibit failure due to rapid cycling.
Usually the leads of components fail before the solder joint shows significant
degradation.

Lead-free solders on the other hand show some properties that make the
occurrence of high-cycle fatigue in the solder joint more probable:

e The lower creep rate of lead-free solder causes larger stress in the intermetallic
compound, thus provoking high-cycle fatigue in the interface of the solder with
the substrate.

e Lead-free solder containing Ag shows a clear transition temperature as shown at
IMEC with a mini-Charpy tester on specimen measuring 10 x 10 x 55 mm
(Fig. 1.17). The outcome of the investigation was that SnPb shows a gradual
transition below —20°C. The Sn—Cu alloys show a clear transition between —
140 and —120°C. The most interesting result was that Sn—Ag shows a transition
temperature depending on the amount of Ag in the alloy. The alloy with 5% Ag
had its transition between —60 and —20°C, which is in the range technical
applications with lead-free solder are subject to.

The same damaging characteristic as in high-cycle fatigue (incremental growth
of a crack due to local overstress in brittle materials) has been observed in tests on
lead-free solders but the number of cycles to failure is not necessarily >10°> cycles
as expected in high-cycle fatigue. Thus, in solder joints, it might be more
appropriate to talk about stress-induced fatigue rather than high-cycle fatigue.
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Fig. 1.17 Transition of solders [8]

This means that in certain mission profiles, high-cycle fatigue in lead-free
solder might become important:

e Low temperature

e High Ag content

e Fast alternating load such as bending of a PCB due to vibration or drop. Tony
Mattila at HUT Helsinki found that a PCB starts to vibrate after impact in a drop
test with bending modes occurring at various natural frequencies of the speci-
men [9]. This is discussed in depth in Chap. 9.

1.2.4.3 More than One Degradation Mechanism

Of course usually more than one degradation mechanisms occur in a material in
real-field applications. As it is implied in Eq. (1.12), GBS and DC are always
effective in varying proportions. But also HCF and LCF might occur under
combined vibration and thermal cycle load in a temperature range close to the
transition temperature where creep is active. This has been modelled by Miner and
Palmgren with

1 at failure (1.21)
i—1 Vi

n; number of cycles with degradation mechanism i, N; number of cycles to failure
with degradation mechanism i.

For the special case where different degradation mechanisms are active in one
load cycle, Eq. (1.21) can be modified as proposed by Halford and Manson:
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n ﬁ 1

—— 1.22
N Ny ( )

i=1

fi fraction of a cycle with degradation mechanism i, Ny number of cycles all
mechanisms combined.

In [10], it has been shown in a joined work between CRF and IMEC within the

EC-IMECAT project that a combined load of temperature cycling and vibration, as
encountered in automotive applications, has a more severe effect on the degra-
dation of a solder joint than the same stress history applied sequentially, incor-
porating a considerable amount of stress-induced fatigue.
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IMC(s) Intermetallic(s) or intermetallic compound(s)
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SEM Scanning electron microscopy
Sn-based Tin-based
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Special Symbols

[1*  Figure adapted from the reference given in []

[ From “The Science and Engineering of Materials”, 5th edition, by Askeland
and Phulé. © 2006 by Nelson. Reprinted with permission of Nelson, a
division of Thomson Learning: www.tomsonrights.com. Fax: 800 730 2215

[]# From “The Science and Engineering of Materials”, 1st edition, by Askeland.
© 1984 by Wadsworth, Inc. Reprinted with permission of Brooks/Cole, a
division of Thomson Learning: www.tomsonrights.com. Fax: 800 730 2215

1% From “Deformation and Fracture Mechanics of Engineering Materials”, 4th
edition, by Hertzberg. © 1996 by John Wiley & Sons, Inc. Reprinted with
permission of John Wiley and Sons, Inc

(1" From “Fracture and Fatigue Control in Structures: Applications of Fracture
Mechanics”, 3rd edition, by Barsom and Rolfe. © 1999 by ASTM
International. Reprinted with permission of ASTM International

[I” Reproduced with permission of Emerald Group Publishing Ltd. © 2000 by
MCB University Press

2.1 Introduction

The fracture behaviour of all materials is affected by several factors, some of
which are ‘intrinsic’, i.e. reflecting the material constitution, and some ‘extrinsic’,
i.e. relating to the processing or service conditions. Examples of ‘intrinsic’ factors
are the material composition, crystal structure, and microstructure, while examples
of ‘extrinsic’ factors include the cooling rate during processing, as well as the
temperature, strain rate, or constraint of the material during service. Changes in the
processing or service conditions often alter the crystal structure, microstructure, or
even composition of the material (e.g. by contamination), which might affect its
fracture behaviour. Electronic materials, like the lead-free (Pb-free) solders studied
in the framework of ELFNET, are no exception to the above general rules of
thumb. It has already been observed, for example, that the fracture behaviour of
tin-based (Sn-based) solders changes from ductile to brittle under solder-specific
service conditions. This type of brittle fracture occurs in the solder joint unlike the
typical brittle failures occurring in the intermetallic layers that are present between
solder joint and bond pad; therefore, it is often referred to as ‘bulk solder
embrittlement’. This chapter attempts to identify the factors affecting the bulk
embrittlement of Sn-based Pb-free solder joints, as this type of embrittlement may
occur during the solder joint life cycle, depending on the requirements of the
‘mission profile’. Identifying these factors and understanding how they facilitate
embrittlement is the first step in finding ways to limit, delay, or even avoid bulk
solder joint embrittlement during service. However, due to the limited available
data, the factors affecting the bulk embrittlement of Pb-free solder joints will be
addressed by referring to data acquired from studying other metallic materials with
similar behaviour, e.g. ferritic steels.
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2.1.1 Comparing Ductile to Brittle Fractures

It is common knowledge that brittle fractures occur with little or no plastic
deformation prior to failure and are characterised by very limited energy
absorption. This is the type of failure that occurs at extremely high speeds (up to
2,000 m/s or 7,000 ft/s in steels) [1]. An example of the stress—strain behaviour of
a brittle material subjected to tension is given in Fig. 2.1a, where one may observe
the essential absence of strain (i.e. deformation) before failure of the material at
the ultimate tensile strength, oeys.

Contrary to brittle fractures, ductile fractures are characterised by appreciable
plastic deformation prior to failure and high energy consumption [1]. When a
ductile material is subjected to tension, as shown in Fig. 2.1b, an appreciable
amount of strain usually results from loading the material above its yield strength,
Oyield- The fact that ductile materials deform a lot before failing, and that this
failure is relatively slow, makes ductile fractures more appealing than brittle ones
in the eyes of the design engineer.

Two notions very closely related to the type of material failure (i.e. ductile vs.
brittle) are those of toughness and ductility. Toughness is the ability of a material
to resist fracture and represents the energy absorbed during failure [2, 3]. A brittle
material, for example, absorbs small amounts of energy during fracture, while a
tough/ductile material absorbs large energy amounts. For an unnotched tensile bar,
the energy dissipated during failure can be estimated from the area under the
stress—strain curve (Fig. 2.1), as follows [2]:

&

Energy/volume = / ode (2.1)
0
o (@) (c)
Gtens
€
G (b)
Gtens
Oyield
B
e €

Fig. 2.1 Typical stress—strain curves of (a) brittle materials and (b) ductile materials [1]*.
¢ Superposition of the stress—strain curves of a strong material with little capability for plastic
flow (A), a material with low strength but high ductility (B), and a material with optimum
combination of strength and ductility for maximum toughness (C) [2]*. * Figure adapted from the
Reference in []. The meaning of symbol * is the same throughout this text
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where ¢ is the stress, ¢ is the strain, and ¢ is the strain at failure.

On the other hand, ductility is the ability of a material to deform plastically
without fracturing. Ductility is commonly expressed either as % elongation in the
gage length, or % reduction in the area of a tensile specimen tested to failure [4].
It must be emphasised that maximum toughness requires a combination of strength
and ductility [2], since high strength or good ductility alone cannot guarantee an
enhanced toughness (Fig. 2.1c).

2.1.2 Factors Affecting the Type of Fracture

It is often erroneously believed that the type of fracture of a certain material is
either ductile or brittle and that defining the fracture type is quite straightforward.
This could, for example, be based on the fact that the deformation and fracture
characteristics of materials depend on very material-specific properties, such as the
nature of the electron bond, the crystal structure, and the degree of atomic order
[2]. Another way to predict the type of failure of a material would be to consider its
fundamental engineering properties, such as the yield strength, tensile strength,
and tensile ductility [2], since high-toughness materials combine good strength and
ductility. However, the job of a design engineer is not that simple, because some
materials (like many metals) that fail in a ductile manner under mild service
conditions might embrittle if subjected to low temperatures, high strain rates, or
multiaxial stress states related to the presence of notches or defects [1-3]. The
Sn-based Pb-free solders extensively addressed in this chapter fall into that cate-
gory, for example. Moreover, some materials (like many ceramics) that fail in a
brittle manner at mild ambient temperatures will certainly increase their ductility
when exposed to sufficiently high temperatures; for ceramics, this change in
fracture behaviour occurs usually above 1,000°C [5].

2.2 Crystal Structure, Microstructure, and Fracture
Resistance

As mentioned in Sect. 2.1.2, the deformation and fracture characteristics of a
material are affected by the nature of the electron bond, the crystal structure,
and the degree of atomic order in the material. For example, the more rigidly fixed
the valence electrons, the greater the propensity of a material to fail in a brittle
manner [2]. In ionic solids, the valence electrons are tightly bound to their
respective atoms inside the crystal [6], which explains their high propensity to
brittle failure. In both covalent and metallic crystals, the valence electrons are
shared between atoms [6]; however, their fracture behaviour is different due to the
following reasons: in covalent solids, the valence electrons are shared between an
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atom and its nearest neighbours, while in metallic solids, the valence electrons
are shared equally by all atoms in the material. The greater restriction in the
movement of valence electrons experienced by covalent materials (e.g. diamond,
silicon, carbides, nitrides, and silicates) accounts for their tendency to fail in a
brittle manner, while materials held together by metallic bonds are the easiest to
deform, failing usually in a ductile manner [2].

Materials with a low crystal symmetry, where slip is difficult, show a greater
tendency to fail in a brittle manner. On the contrary, close-packed crystals
characterised by high crystal symmetry are capable of considerable plastic
deformation. For example, face-centred cubic (fcc) and hexagonal close-packed
(hcp) crystals are less prone to brittle failure than body-centred cubic (bcc)
crystals. Moreover, bcc metals show a much higher propensity to low-temperature
embrittlement than fcc and hcp metals, as will be discussed more extensively
later on. Figure 2.2 shows schematic representations of the fcc, bec, and hep
crystal structures.

Another structural factor that affects the fracture resistance of a material is the
degree of order in the atomic arrangement. It has been observed that the tendency
for brittle failure increases as the degree of order in the atomic arrangement
increases. In fact, the addition of a solute to a crystal lattice progressively sup-
presses plastic flow, as the solid solution that results from this addition changes
gradually from disordered to short-range ordered first, and subsequently to long-
range ordered [2].

The above-discussed theoretical aspects of the material structure have a great
impact on the material’s fracture resistance, but might be difficult to grasp and put

Fig. 2.2 a The face-centred cubic (fcc) crystal structure is shown as a reduced-sphere unit cell
and an atomic aggregate [5]*. b The body-centred cubic (bcc) crystal structure is shown as a
reduced-sphere unit cell and an atomic aggregate [5]*. ¢ The hexagonal close-packed (hcp)
crystal structure is shown as a reduced-sphere unit cell and an atomic aggregate [5]*
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in practice by the design engineer. A simple question remains: What are the
practical ways one could use to limit the tendency for brittle failure of a structural
material? And if embrittlement cannot be avoided, as often happens at extreme
service conditions, what are the available testing methods that can provide accu-
rate information on the limitations of a specific material?

2.2.1 Elements of Fracture Mechanics

Before attempting to answer the above critical questions, it would be useful to
introduce and put into perspective the following two concepts: (a) the stress-
intensity factor and (b) the fracture toughness. It is common knowledge that the
materials used to build any structure are not perfect, since they contain cracks,
sharp notches, and discontinuities of various kinds. These defects create stress
concentrations within the material, increasing its tendency to failure. Therefore,
the design engineer needs a tool that allows the quantitative determination of the
allowable stress levels in such structures, so as to avoid fracture during service.
This tool is the scientific discipline of Fracture Mechanics, which envisages the
intensity of stress concentration as the driving force to failure, and the material’s
fracture toughness as the resistance force against failure [1].

Depending on the mode of loading, the fracture of flaw-containing components
may be described by a stress analysis based on principles of elasticity theory.
Figure 2.3 illustrates the three major modes of loading, which are [1, 2]:

1. Mode I: the opening or tensile mode, where the crack surfaces move directly
away from each other,

2. Mode II: the sliding or in-plane shear mode, where the crack surfaces slide over
one another in a direction perpendicular to the crack leading edge, and

3. Mode III: the tearing or anti-plane shear mode, where the crack surfaces also
move relative to one another, but in this case parallel to the crack leading edge.
Since mode I loading is the most frequently encountered in structural applications
involving cracked components, both the stress-intensity factor and the fracture
toughness are defined with respect to that loading mode in the present text.

(a) (b) (c)

Fig. 2.3 The three basic loading modes: a Mode I, b Mode II, and ¢ Mode III [1, 2]*
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Fig. 2.4 Equations relating the stress-intensity factor, K;, with the stress, g, and the crack size, a,
for the following crack configurations: a through-thickness crack, b surface crack, and ¢ edge
crack. These equations describe the elastic-stress field in the vicinity of a crack tip inside a body
subjected to tension [1]*

In linear-elastic fracture mechanics, the stress field ahead of a sharp crack
subjected to mode I loading is characterised by the stress-intensity factor, Kj,
which has units of MPay/m or ksiv/in. [1]. This parameter is related to both the
stress level, o, and the flaw size, a. Figure 2.4 provides equations describing the
elastic-stress field near the tip of cracks with different configurations, inside a body
stressed in tension. In summary, K; is affected by the specimen geometry,
the applied load, as well as the size and shape of the flaw [1]. When the combi-
nation of ¢ and a results in a critical K; value, unstable crack growth (related to
brittle failure) occurs. This critical value of the stress-intensity factor at failure,
K., is the so-called fracture toughness, and it is a material property [1]. The
fracture toughness represents the resistance of a certain test specimen against crack
propagation. It must be emphasised, however, that determining the fracture
toughness of a structural material is not always an easy task, as the fracture
toughness is influenced by the service temperature, loading rate, and degree of
material constraint. Therefore, the K. of a certain material can be determined for a
specimen with a given thickness at a specified temperature and loading rate.
In general, the fracture toughness decreases by decreasing the temperature,
increasing the loading rate, and/or increasing the material thickness [1, 2]. Special
reference will be made to each one of these factors later in the text, as they are also
expected to affect the fracture behaviour of certain Pb-free solders.

2.2.2 Metallurgical Aspects of Fracture Resistance

It has already been mentioned that high toughness demands the combination of
strength and ductility. However, metallurgists take this concept one step further
and strive for the production of structural materials that exhibit both high strength
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Fig. 2.5 a Inverse relation between the tensile strength, oy, and the fracture toughness, K., of an
alloy. Optimising the alloy properties would ideally result in a shift of the tensile strength—
fracture toughness curve in the direction of the arrow [2]¥. b Grain size refinement results in a
simultaneous improvement in the strength and the toughness of the alloy. Reduction in the grain
size does not affect adversely the alloy’s weldability or ductility [2]*. ¢ Through-thickness crack
in a large plate subjected to a tensile stress a. W is the plate width, t the plate thickness, and 2a the
crack length [2]*

and fracture toughness. This is asking for a lot, since the strengthening of a
material happens almost invariably at the detriment of its fracture toughness, as
shown in Fig. 2.5a. Still, there are ways to improve both the strength and
the fracture toughness of a material [2]; these ways should also be considered
for the improvement of the in-service performance of commercially available
Pb-free solders. The simultaneous improvement in strength and toughness may be
achieved in one of the following ways:

1. By modifying the alloy chemistry and melting/processing process to improve
the toughness; this could, for example, happen by removing or neutralising
certain undesirable elements that degrade the toughness,

2. By optimising the microstructure and phase distribution to maximise the
toughness, and/or

3. By refining the microstructure, or in other words, by opting for finer grain sizes.

Point (3) is quite obvious for all materials, and its effect on strength,
toughness, and weldability is graphically presented in Fig. 2.5b. In order to
provide a better insight into the benefits of microstructural refinement, the fol-
lowing could be said: strengthening occurs because smaller grains are likely to
contain smaller flaws; smaller inherent flaws imply the need of a greater stress to
achieve failure.

In terms of equations, Griffith [1, 2] suggested that the stress required for failure
is given by:

2Ey,

na

o= for plane-stress (biaxial stress) conditions (2.2)
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and

o= _ 2B for plane-strain (triaxial stress) conditions (2.3)
na(l — v?)

where E is the material’s modulus of elasticity, yg is the specific energy of the
surface created during fracture, 2a is the crack length, and v is the Poisson’s ratio
of the material. Obviously, the larger the size of the flaw/crack, the lower the stress
required to fracture the material. A model crack may be visualised in Fig. 2.5¢c.
With respect to the toughening of a single-phase material by grain refinement, one
could think that the finer the grain size, the more often will a crack cross grain
boundaries during its propagation. Since grain boundaries tend to decelerate or
even stop cracks, the travelling crack will spend more energy to propagate in a
finer-grained material than in a coarser-grained one. The higher the energy
absorbed during fracture, the tougher the material.

Examples of improving the properties of Pb-free solders based on the
suggestions made in points (1) and (2) include the addition of special retardants to
avoid tin pest on tin-based (Sn-based) solder alloys (in relation to point 1), and/or
the control of the size, shape, and acuity (i.e. sharpness) of the intermetallic (IMC)
particles in the solder bulk (in relation to point 2). Reference to the last two
examples will be made later in the text. Before moving to the next section,
however, it would be useful to briefly underline the role of IMC particles in the
in-service embrittlement of Pb-free solder alloys.

Intermetallics or intermetallic compounds (IMCs) are discrete chemical com-
pounds made by the mixing, in a certain proportion, of two or more metals with
each other or with non-metals [5, 7]. An example of a widely known intermetallic
compound formed in steels is cementite (Fe3;C). It is quite important to realise that
the structure and properties of intermetallics are different from those of the con-
stituent metals; for example, IMCs are characterised by enhanced atomic order and
mixed (metallic and covalent/ionic) bonding. Moreover, their properties are a
compromise between the typical properties of ceramics and those of metals: when
compared to most metals, they exhibit higher hardness and refractoriness, together
with poorer toughness and workability (and, hence, ductility). It has also been
shown that the presence of brittle second-phase particles in an otherwise ductile
matrix is a major cause of embrittlement [2]. Figure 2.6 illustrates this principle,
showing that the probability of crack initiation at particles such as the IMCs in
Pb-free solders is very high. The above indicates that the presence of IMCs in the
bulk of Pb-free solder alloys is a major concern when it comes to the fracture
behaviour of these alloys, as will be illustrated later in the text.

2.2.3 Elements of Dislocation Theory

Dislocations are very important, especially for metals and metallic alloys, since
they provide a mechanism for plastic deformation, which may be regarded as the



28 K. Lambrinou

1 (b)  (c) (d) (e) (f)

JL ]

— Applied stress

— Probability of
crack nucleation

o

Fig. 2.6 Probability as a function of the applied stress that one of the following microcrack
formation mechanisms is active: [a] embrittled grain boundaries, [b] brittle second-phase
particles, [c] twin—twin intersections, [d] twin—grain boundary intersections, [e] slip-induced
grain boundary opening (e.g. at triple points), and [f] slip band-slip band intersections. From a
study conducted on high-purity iron-containing carbides as brittle second-phase particles [2]*

Screw dislocation

(a)

(b) Edge dislocation

Fig. 2.7 a For the creation of a screw dislocation, the perfect crystal is cut and sheared one atom
spacing; the screw dislocation is the line across which shearing occurs [71%. b For the creation of
an edge dislocation, the perfect crystal is cut and an extra plane of atoms is inserted; the edge
dislocation is the bottom edge of the extra plane [7]%. In both types of dislocations, a Burgers
vector (b) is required to close a loop of equal atom spacings around the dislocation. ¥ From “The
Science and Engineering of Materials”, 5th edition, by Askeland and Phulé. © 2006 by Nelson.
Reprinted with permission of Nelson, a division of Thomson Learning: www.tomsonrights.com.
Fax: 800 730 2215. The meaning of symbol ¥ is the same throughout this text

cumulative effect of the slip of numerous dislocations [7]. Dislocations are line
imperfections in an otherwise perfect crystal, where they are usually introduced
either during solidification or permanent (i.e. plastic) deformation [7]. There are
three known types of dislocations: the screw dislocation, the edge dislocation, and
the mixed dislocation. Figure 2.7 gives a visual impression of two of them: the
screw dislocation and the edge dislocation.

Slip is the process by which a dislocation moves in a material, resulting in the
deformation of this material [7]. Figure 2.8 illustrates the slip process for both an
edge dislocation and a screw dislocation. Slip explains why the strength of a metal
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Fig. 2.8 Schematic representation of the slip line, slip plane, and slip (Burgers) vector for (a) an
edge dislocation and (b) a screw dislocation [7]§

Fig. 2.9 Schematic
representation of two edge
dislocations with different
width: (a) a wide edge
dislocation, and (b) a narrow (a) < - - >
edge dislocation. W is the
dislocation width [2]*

—>
(b) Narrow dislocation

is much lower than the theoretical strength predicted from the metallic bond.
In this sense, slip is responsible for the ductility and, therefore, the workability of
metals. On the other hand, the presence of dislocations offers also the possibility of
strengthening a certain metallic material by introducing obstacles (e.g. second-
phase particles) that interfere with the dislocation motion [2, 8].

It has by now become clear that the movement of dislocations is a prerequisite
for plastic deformation before fracture, and it should ideally occur even at extreme
service conditions (e.g. low temperatures, high strain rates), if brittle failures
were to be avoided. Unfortunately, the lattice resistance to dislocation movement
changes with temperature, and this is the basis of the low-temperature embrittle-
ment encountered in Sn-based Pb-free solders, which will be addressed later in the
text. The resistance of a lattice to dislocation movement is expressed by
the magnitude of the force required to move a dislocation through this lattice.
This is known as the Peierls—Nabarro force, and the corresponding stress is the
Peierls—Nabarro stress [2].

The magnitude of the Peierls—Nabarro stress decreases as the width of the
dislocation, W, or the distance between similar planes, d, increases (Fig. 2.9).
Since the interplanar spacing, d, increases with the planar atomic density, it is
easier to have slip on close-packed planes. Moreover, the dislocation width, which
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represents the distance over which the lattice is distorted due to the presence of the
dislocation, is large when the bonding forces are spherical in distribution and act
along the line between atomic centres. This type of bonding characterises the
close-packed structures of fcc and hep crystals. On the other hand, highly direc-
tional bonding forces, as in the case of bcc, ionic, or covalent crystals, result in
narrow dislocations. Therefore, the Peierls—Nabarro stress is low in fcc and hep
crystals, moderate in bcc crystals, and large in ionic or covalent crystals (e.g.
ceramic materials) [2].

The Peierls—Nabarro stress is sensitive to the lattice thermal energy and, hence,
to the ambient temperature [2]. Decreasing the temperature limits the thermal
energy available for dislocation motion, which increases the Peierls—Nabarro
stress, especially for crystals with a high starting Peierls—Nabarro stress (e.g. bec).
However, crystals with a negligible starting Peierls—Nabarro stress (e.g. fcc and
hcp) experience little increase in their Peierls—Nabarro stress when the ambient
temperature decreases. It is also quite important to realise that the temperature
dependence of the Peierls—Nabarro stress is related to the temperature dependence
of the yield strength of a material [2]. Before going deeper into the last phe-
nomenon, it might be useful to introduce the yield strength and the (ultimate)
tensile strength of a metallic material with the help of Fig. 2.10, which shows the
stress—strain curve resulting from the tensile testing of an aluminium (Al) alloy to
failure. Upon stress application in the elastic regime, the material deforms elas-
tically, which means that the strain will be completely recovered as soon as the
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Fig. 2.10 The stress—strain curve resulting from the tensile testing of an Al alloy [9]%. * From
“The Science and Engineering of Materials”, 1st edition, by Askeland. © 1984 by Wadsworth,
Inc. Reprinted with permission of Brooks/Cole, a division of Thomson Learning:
www.tomsonrights.com. Fax: 800 730 2215. The meaning of symbol * is the same throughout
this text
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stress is withdrawn. The slope of the stress—strain curve in the elastic region is the
material’s modulus of elasticity or Young’s modulus, E. As the applied stress
increases, the material starts to deform both elastically and plastically. The critical
stress value required to initiate plastic deformation is defined as the elastic limit of
the material [3, 7]. In metallic materials, this is usually the stress required for
dislocation motion or slip to be initiated. On the other hand, the stress level above
which the relationship between stress and strain is not linear is the so-called
proportional limit [3, 7]. In most materials, the elastic and proportional limits are
quite close, but neither of them can be determined accurately since the measured
values depend on the sensitivity of the equipment. Therefore, an offset strain value
(typically, 0.002 or 0.2%) is defined, from which a line is drawn parallel to the
linear portion of the stress—strain curve. The stress value corresponding to the
intersection of this line and the stress—strain curve is the 0.2% offset yield strength
or yield strength [3, 7]. At stresses higher than the yield strength, plastic defor-
mation occurs. The stress corresponding to the highest applied force is the tensile
strength of the tested material. In ductile materials, the tensile strength is the stress
at which necking begins. Necking refers to the formation of an area in the tensile
specimen that is locally much more deformed (i.e. thinner) than the rest of the
specimen.

The fact that the temperature dependence of the Peierls—Nabarro stress is
related to that of the yield strength is the reason why the yield strength of fcc
metals like Al, copper (Cu), and austenitic stainless steel alloys has a limited
temperature dependence [2, 4, 9]. Figure 2.11a shows the temperature dependence
of the tensile properties of an Al alloy [9]. This plot shows that as the temperature
decreases, both the yield and tensile strength of the Al alloy increase. However, the
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Fig. 2.11 a The effect of temperature on the tensile properties of an Al alloy [9]*. b The
temperature dependence of the yield, tensile, and fracture strength (the latter is given by curves
BCD, EF, and HJKL) of a steel containing flaws of various sizes. CAT is the crack-arrest
temperature curve: it gives the stress required for the unstable propagation of a large flaw as a
function of temperature; fracture does not occur at any point on the right of that curve. FTE is the
fracture transition elastic temperature, i.e. the temperature above which elastic stresses cannot
propagate a crack. Above FTP, which is the fracture transition plastic temperature, the material
behaves as if it were flaw-free; this means that a crack (irrespective of its size) cannot propagate
in an unstable manner [8]
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yield strength increases less rapidly than the tensile strength, which allows the Al
alloy to retain some of its ductility at low service temperatures. The reason for the
not-so-steep increase in the yield strength with lowering the temperature is related
to the limited temperature dependence of the Peierls—Nabarro stress of this alloy.
Examples of other fcc metals that for the same reason remain ductile at low
temperatures include nickel (Ni), lead (Pb), and silver (Ag) [4].

On the contrary, the Peierls—Nabarro stress in bcc metals like iron (Fe),
chromium (Cr), molybdenum (Mo), tantalum (Ta), tungsten (W), and ferritic
stainless steel alloys rises rapidly with decreasing temperature [2, 4, 9]. This
happens due to the strong temperature dependence of the Peierls—Nabarro stress,
which becomes a large part of the yield strength in the low-temperature regime [2].
Figure 2.11b shows the temperature dependence of the tensile properties of a
ferritic stainless steel alloy [8]. This plot shows that as the temperature decreases,
the yield strength, o, of the alloy increases faster than its tensile strength, g,. For
an unnotched, flaw-free specimen, ductility is retained until a very low tempera-
ture, where o, = g, (point A). This temperature is known as the nil ductility
temperature (NDT); at temperatures lower than the NDT, fracture becomes 100%
brittle [1, 2, 8]. One may also see that the presence of a small flaw (a < 0.1 in.)
raises substantially the NDT of the steel from point A (flaw-free) to point C; for
that particular case, the NDT was observed to increase by ~200°F, i.e. 110°C [8]!
With materials like bcc metals, the presence of flaws/cracks/notches does not only
influence the material’s strength, but its toughness as well. The notch sensitivity of
a material and the description of available testing methods to estimate it will be
discussed in Sect. 2.3.

2.3 Impact Test: Work Principle and Interpretation of Results

The ability of a material to absorb energy in the presence of a sharp notch, often
when subjected to impact, is known as notch toughness [1]. Materials may be
divided into three categories based on their notch toughness [8]:

1. Low- and medium-strength fcc metals and most hcp metals exhibit very high
notch toughness; these materials tend to fail invariably in a ductile manner.

2. High-strength materials (g, > E/150) with very low notch toughness; these
materials fail in a brittle manner even when the applied stress is in the elastic
range. High-strength steels, aluminium, and titanium (Ti; hcp) alloys belong to
this category.

3. Low- and medium-strength bcc metals, ceramics, beryllium (Be; hexagonal),
and zinc (Zn; hcp) fail in a brittle manner at low temperatures and in a ductile
manner at high temperatures. In other words, their notch toughness is tem-
perature dependent. The transition from ductile to brittle fracture for the metals
in this category occurs at 0.1-0.2 of their absolute melting temperature, Tm; for
ceramics, this transition occurs between 0.5 and 0.7 Tm.
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The notch sensitivity of a certain material may be evaluated by comparing the
absorbed energies of notched and unnotched specimens during impact [2, 9]. Since
notches are often present in structural materials (due to poor machining, fabrica-
tion, or design), knowing the notch toughness of the materials used in any structure
is very useful for the design engineer. Moreover, since the same engineer is
interested in the worst possible combination of service conditions that might lead
to failure, experimental testing methods were devised that intentionally suppress
the ability of the material to deform plastically.

An example of such a test is the Charpy V-notch impact test, which (a) imposes
high strain rates, and (b) creates a triaxial stress state by introducing a sharp notch
to the test specimen. Furthermore, the Charpy V-notch (CVN) impact test can also
be performed at low temperatures, limiting even further the ability of the test
specimen to deform plastically. Figure 2.12 shows a Charpy impact test set-up,
together with various possible test specimen configurations [9]. During testing, a
heavy pendulum, starting at an elevation A, swings through its arc, strikes, and
breaks the specimen, reaching a lower final elevation, h. Knowing the initial and
final pendulum elevations allows the calculation of the potential energy difference.
This difference is mainly the impact energy absorbed by the test specimen during
fracture. For the Charpy test, this energy is expressed in joules (J) or foot-pounds
(ft-1b). The ability of a material to withstand impact is often referred to as impact
toughness; the impact toughness of a test specimen represents the energy absorbed
during its fracture [7]. In this section, the factors affecting the impact toughness of
a test specimen will be extensively addressed, so as to ensure (a) the correct
evaluation of experimental results and (b) the understanding of the limitations of
this testing method.

One could roughly divide the factors affecting impact toughness into (a) factors
that are related with the service conditions and (b) factors that are related with the
material microstructure. It is important to realise that the factors in these two
categories are interlinked in more than one way. Examples of factors in the first
category include temperature, loading/strain rate, and degree of material con-
straint; the response of a certain metal/alloy to these factors is largely determined
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Fig. 2.12 a The Charpy impact test set-up [9]*. b Typical test specimen configurations designed
for Charpy impact testing [9]*
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by its crystal structure. For dense (i.e. non-porous) materials, factors belonging to
the second category include the alloy composition as well as the volume fraction,
size distribution and spacing of brittle second-phase particles, like the IMCs in
Pb-free solders. At this point, one could also indicate that the volume fraction, size
distribution, and spacing of second-phase particles are dictated by the alloy
composition and the processing/service conditions experienced by the alloy. For
example, the volume fraction of second-phase particles in an alloy is in principle
defined by equilibrium thermodynamics. However, the size distribution and
spacing of such precipitates is usually evolving in time, depending on the initial
material microstructure (i.e. the microstructure at the end of processing) and the
service conditions. The initial microstructure is greatly influenced by the chosen
processing conditions, like cooling rate, temperature, and pressure; on the other
hand, the service conditions are responsible for the growth and ripening of second-
phase particles or the phase transformations that could take place in the material.
For porous/cracked materials, the material response to impact is also dictated by
the amount, spatial distribution, and orientation of material defects. Figure 2.13a
illustrates the influence of the flaw size and flaw orientation on the probability of
failure occurrence.

2.3.1 Temperature on Impact Toughness

As mentioned in Sect. 2.2.3, the temperature dependence of the Peierls—Nabarro
stress, i.e. the stress required to move a dislocation through a crystal lattice, is
more pronounced in bcc metals than in fcc or hep metals. Since the Peierls—
Nabarro stress and the yield strength are interrelated, the yield strength of bcc
metals depends on temperature more strongly than the yield strength of fcc or hep
metals. The relative faster increase in the yield strength with respect to the tensile
strength upon cooling is the main reason for the low-temperature embrittlement of
bce metals. Figure 2.13b shows the Charpy impact energy of several structural
materials as a function of temperature. Some of the materials in this figure exhibit
low impact toughness at all temperatures (e.g. the 75-ksi yield strength Al), while
others show a high level of impact toughness at all temperatures (e.g. the 180-ksi
yield strength steel). As may be seen from the same figure, the impact energy of
some materials (Al alloys and high-strength steels) does not change with tem-
perature; these are fcc alloys. On the other hand, the impact energy of some
materials (e.g. the 40-ksi yield strength steel) changes dramatically with temper-
ature: these are bce alloys. Embrittlement occurs around a temperature known as
the ductile-to-brittle transition temperature (DBTT).

The exact location of DBTT on the temperature axis and the magnitude of
embrittlement are affected by several factors that include the alloy composition,
the amount, shape/sharpness, size and spatial distribution of brittle second-phase
particles, the loading/strain rate, and the degree of material constraint.
Figure 2.14a illustrates the change in the Charpy impact energy of steel as a
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Fig. 2.13 a Arbitrary cracks in a solid body subjected to tension; the body contains cracks A, B,
o, and f§, where o = 4 and f§ = B. Since cracks o and f§ are parallel to the direction of stress,
failure will occur in association with cracks 4 and B. The fact that A < B increases the
probability of failure originating from crack B [2]*. b Change of the Charpy impact energy of
several engineering alloys with temperature [2] & & Prom “Deformation and Fracture Mechanics
of Engineering Materials”, 4th edition, by Hertzberg. © 1996 by John Wiley and Sons, Inc.
Reprinted with permission of John Wiley and Sons, Inc. The meaning of symbol & is the same
throughout this text

function of its sulphur (S) content. The observed impact toughness change is
attributed to the change in the volume fraction of sulphide inclusions in this steel.
Figure 2.14b shows the effect of the shape and sharpness of graphite precipitates
on the impact toughness of ferrous alloys: spherical precipitates are quite innoc-
uous, while flake-like precipitates with sharp edges decrease the material’s impact
toughness. In fact, sharp and brittle second-phase particles, like several IMCs in
Pb-free solders, act as ‘internal notches’, reducing the impact toughness of the
otherwise ductile metallic matrix in which they have precipitated. These ‘internal
notches’ play the role of stress concentrators inside the matrix material, facilitating
the onset of brittle failure. Their impact on material properties is similar to the
effect of external notches/cracks on the properties of notch-sensitive materials, like
the ductile iron of Fig. 2.14b.

It has been mentioned more than once that the Peierls—Nabarro stress and the
yield strength of a certain material are interrelated, and so are their temperature
dependences. Since the Peierls—Nabarro stress expresses the resistance of a crystal
lattice to dislocation motion, it would be interesting to see how the movement of
dislocations is affected by the size and spatial distribution of second-phase
particles. In general, second-phase particles in a metallic matrix are obstacles to
dislocation motion [2]. After precipitation, the hardness and yield strength of the
host alloy increases initially with time, but eventually decreases with prolonged
annealing. This trend is demonstrated in Fig. 2.15a, which shows ageing curves of
the 6061-T4 aluminium alloy [2]. These curves could be interpreted as follows:
after solution treatment and quenching, the alloy is characterised by a maximum
potential for solid solution strengthening, since most of the solute is present in the
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Fig. 2.14 a Effect of the S content on the Charpy impact energy of a steel plate [2]%. b The effect
of notches (both external and internal) on the impact properties of two different ferrous alloys.
The sharp graphite flakes in the grey iron act as internal notches, resulting in low absorbed
energies during impact (i.e. brittle behaviour). On the other hand, the ductile iron contains
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fracture of ductile iron [9]"
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host lattice. Ageing will lead to the precipitation of second-phase particles, which
on the one hand limits the effect of solid solution strengthening but on the other
hand results in precipitation hardening (i.e. strengthening) the alloy. Precipitation
hardening occurs through several mechanisms, like the interaction of dislocations
with misfit strain fields around second-phase particles, particle cutting, and elastic
modulus interaction effects. The extent of such hardening increases initially
with time and, hence, with the precipitate particle size. Prolonged ageing,
however, results in a wider inter-particle spacing, due to the Ostwald ripening
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(i.e. coarsening) of the precipitates. When this happens, dislocation looping occurs
around the particles (Fig. 2.15b), a fact reflected in the weakening of the alloy,
which simultaneously becomes more ductile; this weakening becomes worse with
further ageing. The overall response of the alloy to ageing is characterised by
maximum strength at intermediate ageing times and second-phase particle sizes
(Fig. 2.15¢).

The above discussion shows why the presence of IMCs in Pb-free solders alloys
has a large impact on their fracture behaviour. Based on what has been said so far,
it is expected that mainly IMC particles of a certain (intermediate) size will
effectively ‘pin’ dislocations, limiting thus the capability of the host lattice for
plastic deformation. Plastic deformation will be further suppressed with decreasing
the temperature, especially for bcc metals, due to the increase in the Peierls—
Nabarro stress. An enhanced Peierls—Nabarro stress implies that dislocation
motion will occur at a higher stress level, so that the first dislocations to move will
do so faster, since their velocity is proportional to the applied stress [8]. Therefore,
the presence of IMC particles with the ‘right’ size and spacing in Pb-free solders
stressed at low temperatures will cause dislocation coalescence and crack nucle-
ation in the immediate vicinity of these IMCs, as suggested by Fig. 2.6.

Factors that should be of concern when one strives to control the effect of IMCs
on the embrittlement of Pb-free solder alloys include (a) the volume fraction
(as defined by the alloy composition), and (b) the shape, size distribution, and
spacing of these IMCs (as defined by the microstructure after soldering and the
‘mission profile’ of the solder joint). In this chapter, these factors will be further
discussed only with respect to the IMCs in the bulk solder. The IMC layers
forming between solder joint and bond pads will be addressed separately in
another chapter of this Handbook.

2.3.2 Strain Rate on Impact Toughness

The loading rates in most structures vary from slow to dynamic; with slow
loading rates, the maximum load is reached in >10s (usually, 10-60 s),
while with dynamic loading, the maximum load is reached in <0.001 s [1].
Intermediate loading rates vary between the two extremes mentioned above, but
typical loading rates in this category require ~1 s to maximum load, as in the
case of bridges subjected to truck loadings [1]. The common definition of
loading rate is [1]:

K critical
t

K=

(2.4)

where K = rate of increase in the stress-intensity factor, in MPa+/m/s or ksiv/in./s,
Kiiticat = critical stress-intensity factor (K., Ky, Ki.(f), Kig), in MPay/m or
ksiv/in., and ¢t = time required to reach K, jgcal, i S.
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The three loading rate categories are defined as follows [1]:

Slow: &~ 107551
Intermediate: & ~ 1073
Dynamic: & ~ 10s™!

-1

where ¢ is the strain rate (i.e. strain per time unit) just ahead of the crack tip in a
notched test specimen. Little change occurs in the fracture toughness of a material,
unless the loading rate varies by at least one order of magnitude [1]. Figure 2.16a
compares the three different loading rates with respect to the available time until
failure.

In general, the fracture toughness of structural materials, especially bcc metals,
increases with increasing temperature and decreasing loading rate. The first
principle is illustrated as a general trend in Fig. 2.16b, while Fig. 2.17a shows
fracture toughness data acquired from a 50-ksi yield strength steel [1]. Under-
standing Figs. 2.16b and 2.17a is easier using the following explanations: as
mentioned in Sect. 2.2.1, the fracture toughness of a material is given by the
critical stress-intensity factor, K.. Specific service conditions, however, produce
specific K, values; an example is the K., which is the mode I fracture toughness
for slow loading under plane-strain conditions [1]. The mode I fracture toughness
for intermediate loading rates under plane-strain conditions is referred to as Ki.(?),
where the time ¢ to maximum load is given in the parenthesis [1]. Finally, the mode
1 fracture toughness for dynamic loading under plane-strain conditions is referred
to as Kiq [1]. For a specific material, Kj., Kic(?), and Ki4 are known as the ‘static’,
‘intermediate’, and ‘dynamic’ fracture toughness, respectively, and can be deter-
mined as a function of temperature (Figs. 2.16b and 2.17a). Figure 2.16b shows
that Ky, Ki.(?), and Kjq increase with the service temperature. However, at any
given temperature, the dynamic fracture toughness is lower than both the inter-
mediate and the static fracture toughness [1]; in general, the following relation
holds: KId < ch(l) < KIC'

At constant temperature, tests that aim at the determination of fracture tough-
ness and are conducted at higher loading rates typically result in lower fracture
toughness values, since Kig < Kj.(f) < Kj. (Fig. 2.17b). The effect of both
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loading rate) g ﬁ Slow loading  loading rate, Kic(?)
§ Slow loading 8 § rate, Kic
_I L.
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Fig. 2.16 a Dependence of the time to failure on the loading rate; P, is the maximum load
[17*. b Effect of temperature and loading rate on the fracture toughness [1]*



2 Factors Affecting the Bulk Embrittlement of Pb-Free Solder Joints 39

(a) T T | | T L

100  © Stow-bendload (& = 109 sect)

B Incnpediate strain-rate load (& & 102 sec' 1)

g gL & Dwmemicicnd (& = 10 et

g
S 601
2

40

20/ ° - - - B

| K=1.0 K ~10*-10* K =10
S ]2 | | 1 1 i
-300 -250 -200 -150 -100 -50 0 +50 — Loading rate

Temperature(°F)

Fig. 2.17 a Effect of temperature and strain rate on the fracture toughness of a 50-ksi yield
strength steel [1]7. b Effect of loading rate, K, on the fracture toughness at constant temperature
[17*. T From “Fracture and Fatigue Control in Structures: Applications of Fracture Mechanics”,
3rd edition, by Barsom and Rolfe. © 1999 by ASTM International. Reprinted with permission of
ASTM International. The meaning of symbol T is the same throughout this text

T T T T T T T

°SLOW-BEND

50 2 IMPACT

Slow

Temperature bend
shift in transition
temperature
range\

Impact

" Energy level where
temperature shift is

ABSORBED ENNRGY, ft-lb

— Absorbed CVN energy (ft-lb)

measured 0 L L
-200 -150 -100 -50 0 50 100 150 200
— Test temperature TEST TEMPERATURE, F
(a) (b)

Fig. 2.18 a Schematic representation of the shift in the CVN transition temperature and the
upper shelf level due to strain rate [1]*. b Slow bending and CVN impact test results acquired
from an A36 steel [1]F

temperature and loading rate on the fracture behaviour of certain materials is
observed in the Charpy V-notch impact test results, as shown schematically in
Fig. 2.18a. Experimental results from an A36 structural steel are presented
in Fig. 2.18b, which shows that the ductile-to-brittle transition of specimens tested
at slow loading rates occurs at lower temperatures in comparison with the
transition of specimens tested in impact. It should be pointed out that certain
materials, like aluminium alloys, titanium alloys, and high-strength steels
(yield strengths > 140 ksi), do not exhibit loading-rate effects [1]. The response of
these materials to impact may again be related to their crystal structure. For these
materials, there would generally be no difference between the Kj. and Kiq values
that have been measured at the same test temperature [1].
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2.3.3 Constraint on Impact Toughness

The concept of constraint refers primarily to the transition from a plane-strain to a
plane-stress condition, due to changes in the specimen thickness. In linear-elastic
fracture mechanics, plane-strain is the stress condition, where the strain is zero in a
direction normal to both the axis of the applied tensile stress and the direction of
crack growth. Plane-strain is related to maximum constraint and occurs in very
thick specimens with deep cracks. On the other hand, plane-stress is the stress
condition, where the stress is zero in the thickness direction. Plane-stress is related
to minimum constraint and occurs in thin test specimens [1, 2]. Figure 2.19 shows
schematically the plane-stress and plane-strain conditions. But why would the
stress state of the test specimen influence its fracture resistance?

In order to answer this question, one must first understand that a region of
plasticity is established near the crack tip of a notched specimen, whenever the
stresses ahead of this tip exceed the yield strength of the material [2]. Figure 2.20a
illustrates the onset of plastic deformation directly ahead of a crack tip, i.e. at an
angle 0 = 0. At a certain distance r from the crack tip, the elastic stress will
exceed the yield strength, gy, of the material, and, at that particular distance, the
following relation will hold [1, 2]:

K;

Oys o (2.5)
where Kj is the stress-intensity factor. For the plane-stress condition (i.e. biaxial
stress state), the radius, ry, of the plastic zone ahead of the crack tip may be given
by the following expression [1, 2]:

e =

% 27 — . ; l_,_..-- ¥ —

6 =0 0,=0 c i o,

(a) (b)

Fig. 2.19 Schematic representation of (a) the plane-stress condition for a thin sheet, and (b) the
plane-strain condition for a thick plate [2]*. In the plane-stress condition, the through-thickness
stress, o, is close to zero, i.e. g, & 0. In the plane-strain condition, a through-thickness stress
develops, which may be given by the expression o, & v(o, + 0,)
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Fig. 2.20 a Onset of plastic deformation at the crack tip, where a plastic zone of radius r, is
established [2]*. b Boundary of the plastic zone ahead of a crack tip as a function of the angle 0
with the horizontal [2]*
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For the plane-strain condition, the triaxial stress state ahead of the crack tip
reduces the size of the plastic zone. In that case, the radius of the plastic zone is
provided by the following expression [1, 2]:

_1KE
ry & 6na, (2.7)

Equations 2.6 and 2.7 show that the size of the plastic zone ahead of a crack tip
is smaller in the plane-strain condition than in the plane-stress condition. It must
also be noted that the size of the plastic zone ahead of a crack tip varies also with
0, as shown in Fig. 2.20b.

Based on the above, it becomes clear that when the test specimen is thick in the
direction parallel to the crack front, a large through-thickness stress, g, will
restrict the sample’s plastic deformation in that direction. Since the fracture
toughness of a material depends on the volume of material capable of plastic
deformation prior to fracture and this volume depends on the specimen thickness,
the fracture toughness K. varies with the specimen thickness, as shown in
Fig. 2.21a. For a thin sample, the plastic constraint at the crack tip is minimal, and
the fracture toughness is, thus, maximum. As the specimen thickness increases,
plane-strain conditions are established at the crack tip, increasing the plastic
constraint and, thereby, decreasing the fracture toughness. When the specimen
thickness exceeds a certain value, the fracture toughness stops decreasing; the
lowest fracture toughness value is known as the plane-strain fracture toughness,
K 1., and it is the conservative lower limit of material toughness that the design
engineer can use for any given application [2]. One could summarise the above by
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Fig. 2.21 a Effect of the plastic zone size-to-plate thickness ratio, r,/t, on the fracture toughness
and macroscopic appearance of the fracture surface. The fracture toughness curve is thicker than
that related to the percentage of flat fracture. Plane-stress conditions are associated with
maximum fracture toughness and a slant fracture. Plane-strain conditions are associated with
minimum fracture toughness and a flat fracture [2]*. b Crack-tip deformation patterns in the
plane-stress (left) and plane-strain (right) state [2]&

saying that the plane-stress fracture toughness, K ., is affected by both metallur-
gical factors and specimen geometry, while the plane-strain fracture toughness,
K 1., depends only on metallurgical factors [2].

Since the effect of the stress state on the fracture toughness depends on the
relation between the size of the plastic zone ahead of a crack tip, ry, and the
specimen thickness, ¢, it would be interesting to consider the change in the stress
state in terms of the ratio r,/t. Typically, when r,/t > 1, plane-stress conditions
prevail and the fracture toughness is high. On the other hand, plane-strain con-
ditions exist when r,/t < 1/10. In both cases, the yield strength of the material
determines the thickness required for the establishment of plane-stress or plane-
strain conditions, since it determines ry, according to Egs. 2.6 and 2.7. This means
that very thin plates of a material with high yield strength can still experience
plane-strain conditions, whereas very thick specimens of a low yield strength
material may never experience true plane-strain conditions [2].

The dependence of the fracture toughness on the stress state may also result in a
transition of the fracture mode from ductile to brittle. As shown in Fig. 2.21a, the
relative degree of flat-to-slant fracture depends on the stress state ahead of the
crack tip. For plane-stress conditions and r, > ¢, the fracture plane often assumes a
445° orientation with respect to the load axis and sheet thickness (Fig. 2.21b).
This happens because failure occurs on the planes containing the maximum
resolved shear stress; these planes lie along £45° lines in the YZ plane [2]. For
plane-strain conditions and r, < ¢, the plane of maximum shear is in the XY plane,
and the fracture plane lies midway between the two maximum shear planes [2].
The fracture mode transition is observed with materials like aluminium, titanium,
and certain steel alloys, as well as with a number of polymers [2]. In general, flat
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fracture surfaces imply plane-strain conditions and brittle failures, while slant or
shear fracture surfaces are related to plane-stress conditions and more ductile
failures [2].

2.3.4 Standard ASTM Fracture Test Methods

Several standard test methods of the American Society for Testing and Materials
(ASTM) have been developed to measure the various critical stress-intensity
factors for materials with different types of fracture behaviour. Figure 2.22 pre-
sents the general regions of the fracture behaviour of structural steels and the
ASTM test methods used in each one of them.

The ASTM test methods mentioned in Fig. 2.22 are [1]:

1. Kj.: Plane-strain fracture toughness value obtained at slow loading rates. The
material constraint is maximum, leading to unstable brittle fracture with little or
no deformation. ASTM test method E-399-90: Standard Test Method for Plane-
Strain Fracture Toughness of Metallic Materials.

2. Ki.(f): Plane-strain fracture toughness value obtained at intermediate loading
rates, where ¢ is the time to maximum load. The material constraint is maxi-
mum, leading to unstable brittle fracture with little or no deformation. ASTM
test method E-399—Annex A7: Special Requirements for Rapid-Load Plane-
Strain Fracture Toughness Ki.(f) Testing.

3. Ky, (Kjq or Kip): Linear-elastic behaviour during dynamic/impact loading that
results in fast, unstable brittle fracture. Kj, is the plane-strain crack-arrest
toughness, while Kjy or Kjp is the plane-strain fracture toughness under
dynamic loading. Kjy and Kj, are assumed to be equivalent, but there is no
standard K, test method. ASTM test method E-1221-96: Standard Test Method
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for Determining Plane-Strain Crack-Arrest Fracture Toughness, Kj,, of Ferritic
Steels.

. 0e, Joo K-R: Elastic—plastic plane-stress behaviour during slow loading,

accompanied by plastic zone development, but without stable crack growth.
Fast, unstable brittle fracture occurs.

d.: ASTM Test Method E-1290-93: Standard Test Method for Crack-Tip
Opening Displacement (CTOD) Fracture Toughness Measurement.

K-R: ASTM Test Method E-561-94: Standard Practice for R-Curve Determi-
nation.

Jo: ASTM Test Method E-1737-96: Standard Test Method for J-Integral
Characterisation of Fracture Toughness.

. Jic: Critical value of the J-integral that describes the stress—strain field ahead of

a crack. Ji. is a measure of the fracture toughness at the onset of slow, stable
crack growth. The behaviour is non-linear elastic—plastic. ASTM Test Method
E-813-89: Standard Test Method for Jic, A Measure of Fracture Toughness.

. 0w Ju, J-R: Elastic—plastic behaviour during slow loading, accompanied by

slow, stable crack growth. Stable crack growth is either followed by brittle
fracture (unstable crack growth) or continues until the separation of the test
specimen.

Oyt ASTM Test Method E-1290-93: Standard Test Method for Crack-Tip
Opening Displacement (CTOD) Fracture Toughness Measurement.

Jyu: This is a point on the J-R curve described next, as there is no single standard
for J,.

J-R: ASTM Test Method E-1152-95: Standard Test Method for Determining
J-R Curves.

. Jes J1e» J-R: New method to cover all J-integral test results in one standard. The

behaviour is elastic—plastic, with or without stable crack growth. ASTM Test
Method E-1737-96: Standard Test Method for J-Integral Characterisation of
Fracture Toughness.

. K, J, CTOD (6): This standard replaces all previous test methods. A new

fracture test method, called the Standard Test Method, has been developed for
materials with an unknown type of fracture behaviour. For these materials, the
needed type of test method is also unknown prior to testing. A bend or compact
test specimen is tested, and the P-Acyop and P-Appp records are analysed
either as K, J, or 6 values, depending on the test records. CMOD is the Crack-
Mouth Opening Displacement, while LLD is the Load Line Displacement.
ASTM Test Method E-1820-96: Standard Test Method for Measurement of
Fracture Toughness.

. Kj.: This test method determines the reference temperature, 7,, which char-

acterises the fracture toughness of ferritic steels. These steels experience the
onset of cleavage cracking either at elastic, or elastic—plastic K} instabilities, or
both. ASTM Test Method E-1921-97: Standard Test Method for the Determi-
nation of Reference Temperature, T,, for Ferritic Steels in the Transition
Range.
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It falls beyond the scope of this text to explain in detail any of the above test
methods. Before closing this section, however, the significance of the four regions
in Fig. 2.22 must be briefly explained; these regions are known as the lower shelf
(D, the lower transition (II), the upper transition (III), and the upper shelf (IV)
region [1]. The behaviour in the lower shelf region is brittle, irrespective of the
loading rate, and the fracture toughness changes little or not at all with the service
temperature. Materials with such behaviour should best be avoided, since their
toughness levels do not provide adequate safety margins, except under carefully
monitored service conditions. The behaviour is nearly linear-elastic, and K. could
be used to describe the behaviour of the material in the largest part of this region.
The behaviour in the lower transition region is elastic—plastic with increasing
plastic zone sizes but without stable crack growth (ductile ‘thumbnail’) prior to the
final brittle or mixed-mode fast fracture. Depending on the service conditions, such
behaviour is satisfactory for many structural applications. The fracture toughness
increases with temperature from approximately the linear-elastic K. values to the
fracture toughness values at the initiation of a fibrous ‘thumbnail® visible to the
naked eye. The behaviour in the upper transition region is elastic—plastic with
large plastic zone sizes and increasing amounts of ductile tearing followed by
unstable, mixed-mode fast fracture, but only after considerable deformation.
Stable crack growth, i.e. ‘thumbnail’ behaviour, may occur; in that case, failure
starts by stable ductile tearing (recognisable by the presence of a coarse fibrous
‘thumbnail’ on the fracture surface) and is followed by brittle crack propagation.
The behaviour in the upper shelf region is generally yielding, and fracture is
accompanied by fibrous ductile tearing that occupies the whole fracture surface.
The exact point where the upper shelf region begins is ambiguous, due to the large
data scatter in the upper transition region. This ambiguity is avoided, if the onset of
the upper shelf region is defined at the temperature where fracture becomes
100% fibrous tearing. Figure 2.23 also presents the ductile-to-brittle transition in
the fracture behaviour of a material with respect to the four regions discussed
above.
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o Upper
[ (a) (Al Fibrous) " (b) Lower I Traneition Upper Shelf
L L Transition
= - Lower |
ar Upper Transition ol Shelf '
ot (Fibrous Thumbnail) 518 !
=+ St 1
oL 4 1
L F Brittle : Ductile
L Lower Transition Ductile Initiation F 1
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Fig. 2.23 a Curve showing the transition in Crack-Tip Opening Displacement (CTOD, i.e. the
opening of the notch faces) with temperature [117. b Load versus Crack-Mouth Opening
Displacement (CMOD) curve [1]7
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2.3.5 Correlation of K;. and K;; with CVN Energy

It has often been remarked that one of the main limitations of the CVN impact test
is that it only gives a qualitative estimation of the toughness of a material subjected
to impact loading, but it is unable to really determine the fracture toughness of the
material [4]. In order to address this limitation, a number of methods have been
devised [1]; this chapter will present a method to correlate Kjq and Kj. with the
CVN energy as an example. For the persons interested, additional information on
alternative methods may be found in [1].

First, it should be noted that there is an ASTM standard test method dedicated
to the impact testing of notched metallic bars. The latest revised version of this
standard is the ASTM Test Method E 23-06: Standard Test Methods for Notched
Bar Impact Testing of Metallic Materials [10]. Second, there seems to be a
correlation between the CVN energy measured from the impact testing of a
notched metallic material and the impact plane-strain fracture toughness, Kj4, of
that material [1]:

(Ku)’
E

= 5(CVN) (2.8)

where E is the material’s modulus of elasticity, and K4 is the impact plane-strain
fracture toughness, which may be determined using the ASTM test method
E-1221-96 (see Sect. 2.3.4). The validity of Eq. 2.8 is illustrated in Fig. 2.24a for
various steel grades with yield strength varying in the 36-140 ksi range.
The loading rate in all tests was the same, but the notch acuity varied; the latter
was taken into account empirically by the factor of 5 [1]. In low-strength steels like
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Fig. 2.24 a Correlation of the plane-strain impact toughness, Ky, with the CVN energy for
various grades of steel (1. o Relationship between CVN energy, Kip, Ki.(f), and K. test results.
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the ones that produced the data in Fig. 2.24a, a shift in the CVN transition tem-
perature is observed when the loading rate changes from slow bending to impact
(see Fig. 2.18a). This shift may be calculated using the following expression [1]:

Tanite = 215 — 1.50y, (2.9)

where gy, is the 0.2% offset yield strength of the material.

Based on Egs. 2.8 and 2.9, one may predict the Kj. from CVN impact test
results, following the steps of the procedure described below and shown in
Fig. 2.24b [1]:

1. Start by testing CVN impact specimens in the lower transition region for the
material of interest.

2. At each temperature where CVN values are available, calculate the corre-

sponding Kiq values using Eq. 2.8.

Shift the K4 values to K. values using Eq. 2.9.

4. If fracture toughness values at intermediate loading rates are required, e.g.
Ki(t) = Kic(1) at t = 1 s, use ¥ of the Kyg-to-Ky, shift, as shown in Fig. 2.24b.

(O8]

2.3.6 Other Impact Testing Considerations

A problem that often characterises Charpy V-notch impact test results is that the
ductile-to-brittle transition of several materials occurs over a whole range of
temperatures and not at a specific temperature. In such a case, the definition of the
DBTT becomes a challenge. In order to overcome this problem, people have
defined the following criteria for the determination of the DBTT [1, 2]:

1. The ductile-to-brittle transition occurs at a certain level of CVN energy, like the
13.5, 20, or 27 J energy level (equivalent to 10, 15, or 20 ft-Ib, respectively).

2. The ductile-to-brittle transition occurs at a certain level of lateral expansion on
the compression side of the test specimen (Fig. 2.25a).

3. The ductile-to-brittle transition occurs at a certain amount of fibrous
(i.e. ductile) or cleavage (i.e. brittle) fracture as measured on the fracture
surface of the test specimen (Fig. 2.25b).

The problem with having more than one criterion does not only lie in which
criterion to choose. Unfortunately, transition temperatures defined using the
energy absorption, ductility, or fracture surface appearance criteria do not agree
for the same material! An example is given in Table 2.1, which shows that the
transition temperatures of different steels defined by the 20-J energy criterion and
the 0.38-mm (15-mil) lateral expansion criterion are in reasonable agreement, but
they are both lower than the transition temperature defined by the 50% fibrous
fracture criterion.

In contrast to the results presented in Table 2.1, Fig. 2.26 presents CVN test
results from a low-strength steel, showing that the transition temperatures defined
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Fig. 2.25 a Measurement of lateral expansion at the compression side of a Charpy bar [21%.
b Transition in the appearance of the fracture surface of A36 steel Charpy bars as a function of
temperature. This figure shows (1) an actual fracture series of A36 steel test specimens, (2) a
standard comparison chart showing the percentage shear lip, and (3) the formula used for the
calculation of the percentage shear lip [2]%

Table 2.1 Transition temperature data from selected steels [2]

Material ays ( MPa ) DBTT (°C)
as \MPa
207J 0.38 mm 50% fibrous
Hot-rolled C-Mn steel 40 27 17 46
Hot-rolled, low-alloy steel 38 —24 —-22 12
Quenched and tempered steel 618 —71 —67 —54

688

ays is the yield strength of the material, oy is its tensile strength

by the 15 ft-Ib energy, 20-mil lateral expansion, and 50% fracture appearance
criteria coincide at ~30°F. This indicates that the right choice of criterion plays an
important role in getting reasonable results, but this choice is rarely known a pri-
ori. It should also be emphasised that the transition temperature value will also be
influenced by other factors, like the specimen size and shape, and the sharpness of
the notch [2], so one needs to be very cautious when interpreting impact test
results.

One of the factors that merits more consideration is the specimen size, and, in
particular, the specimen thickness. As mentioned in Sect. 2.3.3, changes in the
specimen thickness affect the degree of material constraint and can be responsible
for a transition in the stress state from plane-stress (thin specimens) to plane-strain
(thick specimens) conditions. It is already clear that the determined fracture
toughness in each one of these conditions is different, with the plane-strain fracture
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Fig. 2.26 CVN energy absorption, lateral expansion, and fibrous fracture from the impact and
slow-bend testing of standard CVN specimens of a low-strength structural steel [1]"

toughness being lower than the plane-stress one (Fig. 2.21a). What may not be clear,
however, is that the experimentally determined DBTT often depends on the
thickness of the test specimen [2]. This phenomenon is also related to the transition
from plane-stress to plane-strain conditions, which is likely to occur as the text
specimen dimensions change. For example, Fig. 2.27 shows that the ductile-to-
brittle transition temperature of A283 steels increases with the thickness of the
Charpy test specimens [2]. This figure shows that the absorbed energy per 2.5 mm of
sample thickness, or the percentage of shear fracture, changes at a certain temper-
ature, indicating the transition in the fracture behaviour of these steels from ductile
to brittle. As the specimen thickness increases, the DBTT is observed to increase
until a limiting value, which most likely corresponds to true plane-strain conditions
in the material. Studies like the above point out that one needs to keep in mind the
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Fig. 2.27 Adjusted energy vs. temperature and shear fracture vs. temperature curves for 38-mm-
thick plates of A283 hot-rolled carbon manganese steel tested in impact using CVN specimens of
various thicknesses. The DBTT is defined at an absorbed energy level of 5.2 J per 2.5 mm (3.8 ft-
1b/0.1 in.) of specimen thickness [21%

potential DBTT dependence on the specimen thickness when interpreting the impact
test results of certain materials. For all the reasons explained in this chapter,
the Sn-based Pb-free solder alloys, for example, are expected to exhibit a similar
dependence of their DBTT on the test specimen dimensions.

2.4 Fracture Behaviour of Sn-Based Pb-Free Solders

This section reports and discusses experimental results related to the fracture
behaviour of commercial Sn-based Pb-free solder alloys, focusing on the condi-
tions under which bulk embrittlement is promoted. The section starts by presenting
results acquired from the impact testing of specimens with different geometries
and with one of the following compositions (all in wt%): SAC 305 (Sn-3%Ag-
0.5%Cu), SAC 405 (Sn-4%Ag-0.5%Cu), Sn-5%Ag, Sn-0.7%Cu-0.1%Ni, Sn-
0.7%Cu, 99.99% Sn, and, for the sake of comparison, Sn-37%Pb (near-eutectic
Sn—Pb alloy). Apart from the energy absorbed during impact testing, a fractog-
raphy study of selected samples tested in impact is presented; this study was
conducted using scanning electron microscopy (SEM). In order to investigate the
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effect of IMC particle size changes on the fracture behaviour of Sn-based Pb-free
solders, SAC 405 specimens were subjected to post-casting annealing in the
150-175°C range prior to impact testing; the results of this study are also presented
here. Furthermore, SEM was utilised to study the interaction of cracks and IMC
particles in solders SAC 405 and Sn-0.7%Cu-0.1%Ni; the cracks formed and
propagated during routine thermal cycling of these solders. Finally, this section
presents the results of a study of the embrittlement of Sn-based solders due to the
formation of “tin pest”; for this purpose, Sn-0.5%Cu ingots were aged at —18°C
for a period of up to 2 years.

2.4.1 Ductile-to-Brittle Transition

2.4.1.1 CVN Impact Testing of Bulk Solder Samples

As already mentioned in the introduction of this section, bulk specimens of various
commercial Sn-based Pb-free solders and of the Sn-37%Pb solder were tested
according to the CVN impact test methodology described in ASTM standard E 23-
06 [10]. Standard specimens of 10 x 10 x 55 mm?® were made from alloys SAC
305, SAC 405, Sn-5%Ag, and Sn-37%Pb, while smaller specimens of
5 x 5 x 55 mm® were made from alloys Sn-0.7%Cu-0.1%Ni, Sn-0.7%Cu, and
99.99% Sn, due to the limited availability of the last three alloys [11, 12]. The
experimental procedure is described in [11, 12], and the impact test results are
discussed later in this section. Due to the two different test specimen dimensions,
the impact test results are presented in two plots, following the guidelines of the
ASTM standard E 23-06 [10], which recommends the separate presentation of
impact results obtained from specimens of different size or shape.

Before commenting on the results obtained from the CVN impact testing of the
aforementioned Sn-based Pb-free solders, it is worthwhile mentioning that Sn has
the body-centred tetragonal (bct) crystal structure [13]. This Sn form, also known
as f-Sn, transforms at 13.2°C to o-Sn, which has the diamond cubic crystal
structure. The transformation of 5-Sn-to-a-Sn (i.e. the notorious “tin pest”) is very
sluggish, requiring a large incubation period (about 18 months) below 13.2°C.
Therefore, even at low service temperatures, -Sn is the crystalline form of ref-
erence for all Sn-based Pb-free solders. It should be pointed out that the bct crystal
structure resembles greatly the bce structure in terms of crystal symmetry and
directionality of bonding forces, as illustrated in Fig. 2.28. This means that some
of the properties of pure Sn and Sn-based alloys are expected to be comparable to
the respective properties of bcc metals: one of them is the existence of a rather
sharp transition from ductile to brittle failure at a given DBTT.

In agreement with this expectation, Figs. 2.29 and 2.30 show that the tested
Sn-based Pb-free solders demonstrate a sharp ductile-to-brittle transition in the
—20 to —130°C range. In contrast to the Sn-based solders, the near-eutectic Sn—Pb
solder shows a very gradual and rather weak transition between 0 and —80°C. This
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Fig. 2.28 Schematic (a) (b)
representation of (a) the

body-centred cubic (bcc)

crystal structure, and (b) the

body-centred tetragonal (bct) c
crystal structure
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Fig. 2.29 Change of the CVN energy of Sn-37%Pb and various Sn-based solders as a function of
temperature [11, 12]*. The specimen dimensions were 10 x 10 x 55 mm®. The notch depth was
2.5 mm. The inset shows the microstructure of the Sn-37%Pb solder, where the Pb-rich phase
appears bright and the Sn-rich phase grey. Data from imec

gradual and not-so-sharp overall transition in fracture behaviour is easy to
understand, taking into account that the microstructure of the near-eutectic
63%Sn-37%Pb alloy consists of dendritic grains of a Pb-rich solid solution in a
matrix of Sn [14]. The fracture behaviour of a ‘composite’ material like the
Sn-37%Pb solder is expected to be a compromise between the fracture behaviours
of its constituents, i.e. the Sn-rich solid solution (bct) and the Pb-rich solid solution
(fce). The fact that bee and bcet alloys tend to exhibit a ductile-to-brittle transition,
while fcc alloys do not, explains the fracture behaviour of the Sn-37%Pb solder
demonstrated in Fig. 2.29. The microstructure of the Sn-37%Pb solder is also
shown in Fig. 2.29. Other comments that could be made on the test results of
Figs. 2.29 and 2.30 are:

1. The DBTT of the Ag-containing alloys increases with the Ag content
(Fig. 2.29). This is presumably related to the increase in the volume fraction of
Ag;Sn IMC:s in the solder. These IMCs are believed to act as internal ‘notches’
with high stress intensity in their immediate vicinity, facilitating locally the
solder embrittlement and shifting the DBTT towards higher temperatures.
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2. The nearly pure Sn solders (i.e. Sn-0.7%Cu-0.1%Ni, Sn-0.7%Cu, and 99.99%
Sn) exhibit a substantially lower DBTT in comparison with the two SAC solder
alloys and the Sn-5%Ag one. To be precise, the DBTT of the very Sn-rich
solders is around —130°C, while the lowest DBTT of the Sn-Ag-(Cu) solders is
around —80°C (for the SAC 305). This could be attributed to a number of
reasons: first, the very Sn-rich solders have a very limited amount of IMCs.
Second, the very Sn-rich test specimens were smaller (5 x 5 x 55 mm?) than
the Sn-Ag-(Cu) test specimens (10 x 10 x 55 mm3). This means that the
stress state in the smaller specimens might be closer to plane-stress than to
plane-strain. As has already been said, the plane-strain toughness is lower than
the plane-stress one, which implies that the initiation of brittle failure is easier
for plane-strain than for plane-stress conditions. This is reflected in the increase
in the DBTT with the specimen thickness, as shown in Fig. 2.27.

3. The notch size in the nearly pure Sn impact test specimens was not the same:
for the Sn-0.7%Cu alloy, the notch was 1.3 mm, while for the other two alloys,
the notch was 2.5 mm. Interestingly, one may notice that the energy absorbed
during the impact failure of Sn-0.7%Cu specimens was higher than the energy
absorbed by the other two very Sn-rich alloys (Fig. 2.30). This confirms the
notch sensitivity of Sn-based alloys, pointing out that the effective control of
the bulk embrittlement of Sn-based solders requires control over the presence
of notches in these materials. This automatically implies control over the shape,
sharpness, size distribution, and spacing of the IMC particles, which act as
‘internal notches’.

Figures 2.31 and 2.32 show SEM micrographs of the fracture surface of selected
specimens that have been tested in impact. The chosen specimens, made of the SAC
405 and 99.99% Sn solders, are indicated in Figs. 2.29 and 2.30 with arrows.
As may be seen from Figs. 2.31 and 2.32, the fracture behaviour of both the 99.99%
Sn and the SAC 405 solders changes drastically as the test temperature
decreases. For example, the fracture of the 99.99% Sn solder at room tempera-
ture appears to be completely ductile, and the study of its fracture surface
reveals boundaries of Sn grains that have been clearly ‘stretched’ during

Fig. 2.30 Change of the [ +Sn-0.7%Cu-0.1% NI BSn-0.7% Cu  A99.99% Sn |
CVN energy of various 5

Sn-based solder alloys as a
function of temperature

[11, 12]*. The specimen
dimensions were

5 x 5 x 55 mm>. The notch
depth was either 1.3 mm or
2.5 mm. Data from imec
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Fig. 2.31 Secondary electron (SE) detector images of the fracture surfaces of impact test
specimens made of the 99.99% Sn solder. a Specimen tested at room temperature. The arrows
indicate Sn grain boundaries. b Specimen tested at —190°C. Data from imec

Fig. 2.32 SE detector images of the fracture surfaces of impact test specimens made of the SAC
405 solder. a Specimen tested at room temperature. The fracture surface is characterised by the
presence of many ‘dimples’. The idealised drawing in the inset shows two stages in the dimple-
formation process; the dimples form around the hard, brittle IMCs in the soft, ductile Sn matrix
and are slightly elongated since the material is sheared during the CVN impact test. b Specimen
tested at —75°C. The flat grey areas are Sn, while the bright particles indicated by arrows are
IMCs. Data from imec

testing (Fig. 2.31a). The same solder fails in a completely brittle manner at —
190°C, and the study of its fracture surface reveals the cleavage-like fracture of Sn
(Fig. 2.31b).

The thorough fractography study of the commercial Sn-based solders men-
tioned in this text has revealed great similarities between their fracture behaviour
and that of nearly pure Sn (i.e. 99.99% Sn). This was not unexpected, as the above
solders consist of a dispersion of IMC particles in a matrix of Sn. For example, the
fracture surface of a SAC 405 specimen tested in impact at room temperature
is typical for the failure of a soft, ductile material containing hard, brittle
second-phase particles (Fig. 2.32a). In such a case, failure is believed to occur by
microvoid coalescence, and the resulting fracture surface contains numerous
depressions, known as ‘dimples’. The dimples are created during the stressing of
the solder material, which leads to decohesion of the IMC particles from the Sn
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matrix and the formation of microvoids around them (inset of Fig. 2.32a); the
coalescence of these microvoids leads to the formation of cracks and, eventually,
to the failure of the material [2]. The fracture behaviour of SAC 405 is clearly
brittle when the material is tested at —75°C, as shown in Fig. 2.32b; the solder
embrittlement is mainly the outcome of the low-temperature embrittlement (under
conditions of dynamic loading and in the presence of IMC ‘internal notches’) of
the bct Sn matrix.

2.4.1.2 Impact Testing of Solder Joints

This section discusses the results of the fractography study performed on Sn-based
solder joints tested in impact. The test specimens consisted of bumped SuperB-
GA® packages mounted on FR-4 circuit boards; for this purpose, solder spheres of
750 pm in diameter made of various Sn-based solder alloys were soldered onto Cu
bond pads. The specimens were tested in impact using a miniaturised Charpy test
set-up built at imec; this customised set-up and the impact test results are presented
elsewhere [15, 16]. Figure 2.33 shows SEM images of a SAC 405 solder joint that
was tested in impact at room temperature. The fracture of this joint was clearly
ductile as it was preceded by appreciable plastic deformation and necking
(Fig. 2.33a), while the fracture surface revealed the presence of dimples caused by
the IMC particles in the Sn matrix (Fig. 2.33b).

The study of the solder joint surface (indicated by arrows in Fig. 2.33a), which
was subjected to tension during impact testing, proved also to be quite interesting,
as it revealed the multiple brittle fractures of close-to-the-surface CugSns IMC
particles (Fig. 2.34). These IMCs, being brittle in nature and, hence, prone to
failure when subjected to tension, have been forced to break at several sites along
their length, so as to follow the deformation of the ductile Sn matrix in which they
were embedded. The sharp external notches created in the solder joint by such
IMC failures might facilitate the in-service brittle failure of the joint, especially

Fig. 2.33 SE detector images of a SAC 405 solder joint that was tested in impact at room
temperature. a The solder joint failed in a ductile manner, showing appreciable plastic
deformation and necking. b The fracture surface of the solder joint is characterised by numerous
dimples related to the presence of IMCs in the solder. Data from imec
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Fig. 2.34 Additional SEM micrographs of the SAC 405 solder joint shown in Fig. 2.33. a SE
detector image of the area on the solder joint surface, which is indicated by arrows in Fig. 2.33a.
This area, which has been subjected to tension during the impact testing of the joint, contains
several fragmented CugSns IMC particles. b Backscattered electron (BSE) detector image of the
area shown in Fig. 2.34b. Data from imec

Fig. 2.35 SE detector images of a SAC 305 solder joint that was tested in impact at —70°C.
a The fracture of the solder joint was clearly brittle, as indicated by the absence of plastic
deformation. b Closer view of the area outlined by the small frame in Fig. 2.35a: the flat areas
marked by crosses were nearly pure Sn, a fact that demonstrates the bulk embrittlement of the
Sn-based solder at —70°C. The precipitate indicated by the arrow is a CugSns IMC particle. Data
from imec

when the ‘mission profile’ of the joint foresees combinations of shocks/intense
vibrations with thermal excursions to low temperatures. The fracture behaviour of
SAC 305 and other Sn-based commercial solders at room temperature was com-
parable to that of SAC 405, i.e. failure in the bulk of the joint occurred in a ductile
manner [15, 16].

Figure 2.35 shows SEM images of the fracture surface of a SAC 305 solder
joint that was tested in impact at —70°C. As may be seen, the joint failed in a
brittle manner, i.e. failure was not preceded by plastic deformation, and the
resulting fracture surface was macroscopically flat (Fig. 2.35a). On the micro-
scopic level, the fracture behaviour of the nearly pure Sn solder matrix was also
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brittle, exhibiting a very flat fracture surface (Fig. 2.35b). The fracture behaviour
of SAC 405 and the other Sn-based solders was similar to that of SAC 305 at low
temperatures, i.e. brittle [15, 16]. In general, it was observed that the IMC particles
in the tested Sn-based solders failed in a brittle manner over the whole test tem-
perature range, i.e. between room temperature and —107°C, while the fracture of
the Sn-rich solder matrix changed progressively from ductile to brittle as the test
temperature decreased.

2.4.2 Microstructural Aspects of the Ductile-to-Brittle Transition

2.4.2.1 IMC Size Distribution and Spacing on DBTT

As discussed in Sect. 2.3.1, controlling the fracture behaviour of Pb-free solders
requires the control of the shape, size distribution, and spacing of the IMCs.
The results of an attempt to do just that are shown in Fig. 2.36, which presents the
microstructural evolution of a SAC 405 solder caused by post-processing
annealing. This alloy has been cast in a small mould, in order to produce a fine
dispersion of Agz;Sn IMCs in the as-cast bulk solder (Fig. 2.36a). Specimens of
that casting were annealed for 100 and 1,000 h at 150°C (Fig. 2.36b and c,
respectively), and 1,000 h at 175°C (Fig. 2.36d). The comparison of the micro-
graphs in Fig. 2.36 reveals that the size and spacing of the Ag;Sn IMC particles
increases with the temperature and duration of annealing. On the other hand, the
sharpness of these IMCs (as expressed by the radius of curvature of the particle
edges) decreases with the intensification of the post-casting annealing. As-cast and
annealed specimens were tested using a standard CVN impact test set-up, and the
change in the DBTT of the alloy was related to changes in its microstructure [17].
Table 2.2 gives an overview of the change in the DBTT with the annealing
conditions.

As may be seen for the results of this study, the DBTT decreases as both the
temperature and the duration of the post-casting annealing increase. This may
surely be related to the change in the size, sharpness, and spatial distribution of the
IMC particles in the SAC 405 solder. It is thought that the finer IMCs in the as-cast
solder pin the dislocations more effectively than the coarser ones after annealing.
Dislocation pinning restricts the capability of the alloy for plastic deformation,
facilitating embrittlement. Moreover, the sharper the IMC particles, the higher the
intensity of stress concentration in their neighbourhood; making these particles
more round is one way to lower the probability that brittle in-service failure will be
triggered by their presence in the solder bulk.
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Fig. 2.36 BSE images of the changes in the microstructure of a SAC 405 solder alloy with the
temperature and duration of post-processing annealing [17]. The alloy is studied in a the as-cast
condition, b after 100 h at 150°C, ¢ after 1,000 h at 150°C, and d after 1,000 h at 175°C. Data

from imec

Table 2.2 DBTT of SAC \jaterial condition DBTT (°C)

405 versus post-casting

annealing conditions [17] As-cast —28+6
100 h at 150°C —42+5
1,000 h at 150°C —40+5
1,000 h at 175°C —48 5

2.4.2.2 IMC Interaction with Crack Path During Thermal Cycling

Figure 2.37 shows SEM images of a SAC 405 solder alloy that has failed after 175
cycles of thermal cycling between 0 and 100°C. The images of Fig. 2.37 provide
evidence of crack nucleation at IMC particles in the bulk of the solder joint.
As already mentioned, sharp precipitates like the IMCs in Fig. 2.37 may be
considered as internal ‘notches’ in Pb-free solders. Since Sn-based solders, like the
SAC 405 studied here, are notch sensitive (see Fig. 2.30), one must be aware of the
effect of the presence, sharpness, and size distribution of IMCs on the bulk
embrittlement of such Pb-free solders.

At this stage of the research, it is thought that IMCs, like the Ag;Sn particle in
Fig. 2.37b, tend to pin dislocations, which in turn coalesce and result in crack



2 Factors Affecting the Bulk Embrittlement of Pb-Free Solder Joints 59

Fig. 2.37 BSE images of cross-sections through a solder joint made of SAC 405 that failed after
175 cycles of thermal cycling between 0 and 100°C. a Sharp Cu-Sn IMC particles (stars) act as
sites of crack nucleation close to the joint surface. b Sharp AgzSn IMC particle acts as site of
crack nucleation far away from the joint surface. Data from imec

Fig. 2.38 BSE images of a cross-section through a Sn-0.7%Cu-0.1%Ni solder joint that failed
after 434 cycles of thermal cycling between —40°C and 125°C. a Overview of the solder joint,
which has failed due to the propagation of a fatigue type of crack. b Detail of the area inside the
white frame in Fig. 2.38a. The arrows indicate IMC particles, which have mainly the (Ni,
Cu);Sny composition. Data from imec

nucleation. Once nucleated, the cracks may propagate either in a catastrophic
(i.e. brittle) way through the Pb-free solder joint or in a more energy-absorbing
(i.e. ductile) manner, like in the case of the thermo-mechanical fatigue cracks
shown in Figs. 2.38 and 2.39. The way the crack will propagate through the solder
joint will primarily depend on the service conditions, i.e. temperature, strain rate,
and degree of material constraint for a specific structural application. Figures 2.38
and 2.39 show the propagation of fatigue-like cracks in two different joints made
of the Sn-0.7%Cu-0.1%Ni solder. These solder joints belonged to BGAs subjected
to thermal cycling between —40 and 125°C. The solder joint in Fig. 2.38 is a
corner bump, while the joint in Fig. 2.39 is the bump next to the corner one in the
array. Due to the fact that the corner bumps suffer the most during thermal cycling,
the solder joint in Fig. 2.38 has failed completely, while the degree of damage in
the joint of Fig. 2.39 is smaller. Since the corner joints are situated furthest away
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Fig. 2.39 BSE images of a cross-section through a Sn-0.7%Cu-0.1%Ni solder joint that failed
after 577 cycles of thermal cycling between —40°C and 125°C. a Overview of the solder joint:
fatigue-like cracks (indicated by arrows) propagate close to both upper and lower bond pads.
b Crack nucleation between the solder bulk and the interfacial IMC layer. Data from imec

from the neutral point of the whole array, they are subjected to very high thermal
stresses during thermal cycling. Thermal stresses are created due to the thermal
expansion coefficient mismatch between the joint and its immediate surroundings,
e.g. bond pad and PCB.

At this point, one may argue that the failure of the solder joints in Figs. 2.38
and 2.39 is thermo-mechanical fatigue and, as such, it falls outside the scope of
this chapter. This is partly true, because the zigzagging of the cracks responsible
for the failure of the two Sn-0.7%Cu-0.1%Ni joints suggest an energy-absorbing,
rather ductile failure. However, a closer inspection of the sites of crack nucle-
ation reveals that they are mostly related to the IMCs in the solder bulk or the
IMC layers formed at the joint/bond pad interfaces. As emphasised throughout
the development of this text, IMCs may be compared to ‘internal notches’ in the
solder bulk. Notches are stress concentrators on their own account; if they are
also subjected to external stresses (like the IMCs close to the two bond pads),
they might be responsible for the initiation of failure (Fig. 2.6). Moreover, IMCs
are believed to be responsible for dislocation coalescence and void formation
leading to crack nucleation, as shown in Figs. 2.37b and 2.39b. Since ductile
failures are mostly the result of microvoid coalescence [2], the propagation of
fatigue cracks like those shown in Figs. 2.38 and 2.39 requires essentially the
linking of these microvoids. In that sense, even the thermo-mechanical fatigue of
Pb-free solders may be correlated with one of the main causes of bulk embrit-
tlement: IMCs. Obviously, more research is required to validate the above
hypothesis.

2.4.3 “Tin Pest”

Another case of possible in-service embrittlement of Sn-based Pb-free solders is
the formation of “tin pest”. As mentioned earlier, tin pest is a common name for
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o-Sn (also known as ‘grey’ Sn), which is the low-temperature allotropic form of
p-Sn (also known as ‘white’ Sn). The f-Sn-to-o-Sn transformation occurs at
13.2°C and is accompanied by a substantial volume increase of ~26% [13, 18],
since the density of f-Sn is 7.31 g/em® and that of «-Sn is 5.77 g/cm®. Once
started, this transformation proceeds very fast, compromising the performance of
the component. Interestingly, «-Sn is more brittle than f-Sn, since it is a
semiconductor and not a metal [18]; hence, the formation of tin pest qualifies as a
case of embrittlement. Figure 2.40a shows samples of Sn-0.5%Cu solder, which
were aged at —18°C for up to 2 years. Forty percent of the specimen surface
transformed into o-Sn after 1.5 years, and this percentage increased to 70% after
1.8 years of exposure [13, 18]. Embrittlement due to tin pest might be of concern
for Sn-based Pb-free solders, since these solders may essentially be considered as a
dispersion of IMC particles in a nearly pure Sn matrix. The risk of embrittlement

s
Aged for 1.8 years

Fig. 2.40 a Appearance of Sn-0.5%Cu ingots aged at —18°C [13]™. b Cross-section at the grip
of a Sn-0.5%Cu sample after exposure for 1.5 years at —18°C. The tin pest formation reaction
started at the surface of the sample and proceeded inwards [13]™. © Reproduced with permission
of Emerald Group Publishing Ltd. © 2000 by MCB University Press

Table 2.3 Tin pest-retarding Alloy

. Time to tin pest formation
effect of various alloy

additions to pure Sn [18] 99.998% Sn 2h
Sn + 0.024 wt% Pb 12 days
Sn + 0.48 wt% Pb 29 days
Sn + 50 wt% Pb 190 days
Sn + 0.1 wt% Sb 14 h
Sn + 0.5 wt% Sb Nothing visible after 5 years
Sn + 0.3 wt% Bi 330 days
Sn + 0.1 wt% Cu 4h

Sn + 0.5 wt% Cu 7h
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becomes severe for these solders under the following two conditions: (a) the pure
f-Sn grains reach the surface of the solder joint, since -Sn transforms easier to
o-Sn at free surfaces (Fig. 2.40b), and (b) the solder joint is exposed for long
periods to low service temperatures. The good news is that avoiding tin pest seems
to be feasible with the addition of small quantities of tin pest retardants, like
bismuth (Bi) and antimony (Sb). Table 2.3 shows the tin pest-retarding action of
various alloy additions to 5-Sn specimens that have been inoculated (i.e. ‘seeded’)
with 0.5 wt% o-Sn [18].
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Chapter 3
Thermal Fatigue Analysis

Rainer Dudek and Ellen Auerswald

3.1 Introduction

One main reliability concern of the solder joints is related to thermal cycling
loading, induced by either environmental temperature changes or active power on/
off cycling. Low-cycle fatigue damage can be caused by this type of loading. The
main source for thermal fatigue failure is the thermal expansion mismatch of the
different materials soldered together, when the assemblies are subjected to a
thermal cyclic environment already discussed previously. The most damaging
mismatch occurs usually between the component and the printed wiring board
(PWB) the component is soldered to, also called “global mismatch”. Another kind
of mismatch is that between the component and the solder material itself, the
so-called “local mismatch”. Its importance depends on the size of the solder
joints; for current joint sizes, it is gaining importance only for cycle numbers
greater than approximately 1000 of the characteristic temperature range —40 to
125°C. The so-called “inner mismatch”, occurring between different solder phases
and grains, causes solder fatigue also within free-standing solder layers in the
absence of any other material. In tin-based lead-free solders, the anisotropic nature
of the tin grains has turned out to be the major source for inner mismatch effects
[1, 2]. Its effects on the long-term stability of the joints are still an open question.
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Two fundamental approaches are available to characterize the solder joint fatigue
resistance. The first, which is applied to the majority of electronic products, is
thermal test cycling. To achieve comparable statements in a reasonable time, various
different test cycles have been defined. They operate usually with higher-tempera-
ture cyclic amplitudes and shorter cyclic times compared to the use conditions and
are therefore called accelerated tests. Figure 3.1 shows a characteristic temperature
versus time function as it occurs at a solder joint during air to air thermal cycling.

Several types of thermal test cycles are available, see Table 3.1. It is important to
note that cycling out of use temperature range or with inappropriate high-temperature
ramp rates, e.g. liquid to liquid, can engage inappropriate damage mechanisms.
Thermal loading also can be dominated by active heating of the devices, i.e. by power
cycling. The most complicated temperature-loading conditions occur in those cases
when a cyclic temperature environment is overlaid by active heating.

The second approach for characterizing solder fatigue resistance is based on a
theoretical fatigue model. Two basic tasks have to be solved by the theoretical
model: the first is to define a physical measure to indicate failure, e.g. inelastic
strain, or dissipated energy for appropriate strength theories, a damage parameter
used in damage theories, or fracture toughness if a fracture mechanical approach is
selected. The second task is to link this failure indicator to a critical cycle number.

3.2 Fatigue Failure Mechanism

Because the use temperatures of lead-free solders are also above 0.5 of their
melting points (in K), as it was the case for Sn—Pbn solders, creep is a deformation
mechanism which is important for materials degradation. Combined with slow
loading during the different kinds of thermal cycles, the creep deformation kinetics
determines the thermal fatigue behaviour of a solder to a high degree.

Failure of solder joints is a complex sequence of possible failure mechanisms.
For conventional Sn—Pb solders, the sequence involves grain/phase coarsening,
grain boundary sliding, matrix creep, micro-void formation and linking, and results
in macro-crack initiation and crack propagation.

In the case of tin-based lead-free solder joints, the damage accumulation
process leads to less well-known mechanisms. It includes thermo-mechanically
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Table 3.1 Overview on thermal testing

Thermal testing Influencing parameters Methods
Thermal cycling (including thermal Temperature rate One-chamber
shock air to air) cycling
Dwell time Two-chamber

cycling

Temperature extremes
Mean temperature
Thermal shock (liquid/liquid) Dwell time Dip in hot and cold
liquid
Temperature extremes
Mean temperature

Power cycling Inhomogeneous temperature Power up/down
distribution
Temperature rate Ambient
temperature
Dwell time Elevated
temperature

Temperature extremes
Mean temperature

induced recrystallization, voiding and micro-cracking at regions where high
induced strains cause local deformations in zones of local strain incompatibilities,
e.g. colony or grain boundaries of different nature [3-5]. The micro-cracks tend to
nucleate to form a macro-crack, also in dependence on the outer stress field. This
behaviour can be related to the strengthening mechanism of Sn-based alloys,
which can be seen in the tiny dispersed intermetallic particles embedded in the
inherently soft 8-Sn matrix, mainly composed of AgSns.

During transition, there is also likely to be mixed assembly of both tin—lead and
lead-free systems on the same board. The issue was studied by several authors, see
e.g. [6, 7].

3.3 Thermal Test Cycling Standards

Because of the high importance of thermal loading in various electronic applica-
tions, thermal testing of lead-free solder joints has been studied extensively, see
e.g. [8—12]. The accelerated thermal cycling test is a standard procedure to eval-
uate product reliability.

Currently available standards:

IPC-9701A, “Performance Test Methods and Qualification Requirements for
Surface Mount Solder Attachments”

IEC/EN 60068 Part 2—14; “Environmental testing-Temperature Change”
JESD 22-A104, “Temperature Cycling”

various industry/company internal standards
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Table 3.3 Temperature cycling requirements, mandated and preferred test parameters within
mandated conditions, cited from IPC-9701A

Test condition Mandated condition

Cycle condition

TC1 0°C... +100°C (Preferred Reference)

TC2 —25°C... +100°C

TC3 —40°C... +125°C

TC4 —55°C... +125°C

TC5 —55°C... +100°C

Test duration Preferred test duration: Until 50% (Preferred 63.2%)

cumulative failure or
Number of thermal cycles (NTC) requirement

NTC A 200 cycles
NTC B 500 cycles
NTC C 1,000 cycles (preferred for TC2, TC3. TC4)
NTC D 3,000 cycles
NTC E 6,000 cycles (preferred for TC1)
Low-temperature dwell 10 min
Temperature tolerance 0°C/—10°C [0°C/+5°C]
High-temperature dwell 10 min
Temperature tolerance +10°C/0°C [+5°C/0°C]
Temperature rate <20°C/min
Full production sample size >33
Printed wiring (circuit) board 2.35 mm
thickness
Test monitoring Continuous monitoring (event detector preferred)

Since the service conditions differ strongly, no general standard test can be
defined for electronic products. A classification for various industries is given in
IPC-9701A, see Table 3.2. The variety of thermal test cycles as defined by
IPC-9701A is given in Table 3.3.

An overview on the different thermal fatigue testing strategies is given in
Tables 3.4 and 3.5.

3.3.1 Fatigue Failure Detection

The occurrence of fatigue failure is detected either by electrical resistance mea-
surements or by visual inspection of the solder joints’ cross sections with regard to
solder cracking. A third methodology to detect fatigue failure is the shear test,
which is limited to simple component geometries, e.g. leadless ceramic compo-
nents, and becomes very insensitive at states of progressed damage.

The electrical resistance measurement is the simplest technique and allows non-
destructive failure detection for a statistically relevant number of components.
However, often electrical opens resulting from solder joint failures are intermittent
and may be difficult to detect accurately. This issue has turned out to be even more
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Table 3.4 Overview on thermal cycling testing
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Slow thermal

Thermal shock

Thermal shock

Field cycling

cycling (air/air) (air/air) (liquid/liquid)
Standards IPC-970A IPC-9710A IEC/EN 60068 None, company
Part 2-14 specific
JESD 22-A104 JESD 22-A104
Methods/ Place in Move Dip in hot/cold Power up/down,
Equipment temperature (automatically liquid bathes optionally
chamber at or manually) with heating/ environmental
varying between hot cooling temp. change/
temperature. and cold equipment electrical
One-chamber chamber/two loading
oven. Hot/cold temperature equipment,
with air chambers or a optionally
circulation two-chamber temperature
oven with air chamber
circulation

Usage Frequently Most frequently Not recommended Rare

for solder
fatigue, tends
to induce
failure
mechanisms
different from
the field

Advantages Relatively slow,  Relatively fast, Fast. Cheap Shows field
induces best induces field- equipment behaviour
field-related related creep-
creep- dominant
dominated failure
failure. Can be
combined with
other tests
(Vibration,
moisture)

Drawbacks Long testing Expensive Failure Slow, results
times, equipment mechanisms device
expensive different from dependent
equipment filed failures

Influencing Dwell time, Dwell time, Temperature Temperature

parameters temperature temperature cycling cycling
extremes, extremes, parameters parameters,
mean mean ramp rates,
temperature, temperature dwell times,
ramp rates gradients in

power up/
down

(continued)
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Table 3.4 (continued)

Slow thermal Thermal shock Thermal shock Field cycling
cycling (air/air) (air/air) (liquid/liquid)

Coupling to Coffin-Manson Coffin-Manson FEA (should Empirical
theoretical type empirical type empirical include acceleration
analysis laws, FEA laws, FEA coupling of factors
prediction (based on (based on temperature partially

secondary secondary gradients and available, FEA
creep law and creep law and primary/ (may include
creep strain/ creep strain/ secondary coupling of
energy energy creep) temperature
dissipation) dissipation) gradients,
secondary
creep mostly
sufficient)

important for lead-free solders than for the tin—lead materials. Whenever possible,
online measurements should be preferred to avoid misleading results from the
electrical measurements. Moreover, the latter method usually has to be combined
with cross sectioning of the joints of interest. An example is shown in Fig. 3.2 for
SnAgjs 5 solder, where in contrast to the totally broken joint, only a slight resistance
increase was detected. A second example is shown in Fig. 3.3 for SnAg; sCug s
solder. It can be observed from the figure that cracking of large parts of the joints
is not detectable by offline resistance measurement at room temperature. The
resistance increases to infinity only if the cracked surfaces really move apart from
each other, as shown in Fig. 3.4. Thus, a strict failure criterion is recommended for
electrical resistance change, since it is not sensitive to cracking. Ideally, event
detectors have to be preferred, as is recommended by IPC-9701A. According to
this standard, offline measurement results are not precise enough to detect fatigue
failure.

3.4 Theoretical Modelling of Thermal Fatigue

During the last decade, the rapid development of cheap and powerful computer
technology has shifted the focus of reliability analysis of solder joints towards the
use of finite element analysis (FEA), see e.g. [13-16]. However, since creep is
the dominant deformation mechanism of solder, high effort is required to determine
the creep properties. Several experimental techniques are in use to determine these
creep properties of solders, which are summarized in Table 3.6. Because of
the effects of microstructure on the creep behaviour, no unique creep properties
seem to exist for both leaded and lead-free solders, i.e., the published properties are
sometimes conflicting [14, 17, 18] and the ones used therefore approximate in
character. Additionally, the properties-metallurgy dependencies of lead-free
solders are still a subject of research [19, 20].
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Fig. 3.2 Chip resistors 0805
with SnAg solder on FR-4
PCB after 2,000 cycles —
40...125°C, 60 min:
resistance increased only by
164 mQ at room temperature
(H. Berek, FnE GmbH,
Freiberg)

Fig. 3.3 Chip resistors 1206
with SAC solder on FR-4
PCB after 1,000 cycles —
40...125°C, 60 min:
resistance increased from

26 to 28 mQ at room
temperature (Z. Drozd,
Warsaw University of
Technology [10])

Fig. 3.4 Chip resistors 1206
with SAC solder on FR-4
PCB after 2,000 cycles —
40...125°C, 60 min:
resistance increased from

26 mQ to oo at room
temperature (Z. Drozd,
Warsaw University of
Technology)

It was already mentioned that the thermal cyclic environment can vary, and that
the relation between test cycles and field cycles, the so-called acceleration factors,
are of special interest. Simplified analytical models can be very useful in cases to
avoid the high effort of numerical modelling. An experimentally supported model
for determining the acceleration factor N./Nygeq for lead-containing solders was
developed by Norris and Landzberg [21]. This model was adopted by Pan et al.
[22] for SAC387 solders as shown below.

SnPb

1

ATteSt > o (fﬁeld> 3 |: ( 1 1 ) :|
Nictdt) = N [ oot exp| 1414 . 3.1
field(x) test(x) (ATﬁeld Sest P Trietda  Tiest (3.1)
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SAC 387

ATtes[ > 2.65 ( frest ) 0.136 |: ( 1 1 >:|
Neetdts) = Neesi(s exp|2185 _ 32
ficla(z) = test( )<ATfield Ifield P Trield  Thest 3-2)

Ngera(x), number of field cycles at which a percentage x of connections has failed,
for example, Nge1q(50) = mean cycles to failure at which 50% of connections have
failed; N (x) analogous number of test cycles; ¢y, empirical constant, applicable
is ¢; = 1.9 for SnPb; f cycling frequency expressed in number of cycles/day;
t dwell times (equal dwell times for hot and cold dwell preferred); 7 maximum
cycling temperature in K.

However, because of the complicated dependencies of SAC solder on various
effects like type of components, metallization and joint size, the derived equation
seems questionable [23]. The SnPb constants for the Norris—Landsberg model
seem to be a better fit to the existing Pb-free data than the revised constants
provided in the paper by Pan et al. Further work is required with respect to the
eutectic SAC solder compositions and those improved by spurious alloys.

3.5 Open Questions

e Long-term fatigue performance of different lead-free solders in field use in
dependence on the component type and adequate formulation of acceleration
factors;

e Reliability of different lead-free solders under the combined action of different
leadings, e.g. low-cycle fatigue overlaid by vibration;

e Effects of spurious alloys on the creep and thermal fatigue performance of
second-generation lead-free solders;

e Development of virtual reliability design methodologies, aiming at relations
between test cycling and mission profiles for use in high-reliability applications
for low-cycle fatigue loadings and for combined loadings;

e Materials characterization and modelling of second-generation lead-free solders
including SnZn, Bi-containing solders, under-eutectic SAC solders with Ni and
other spurious alloys, and nanoparticle-containing solders or adhesives. Con-
sideration of miniaturization-related effects on materials properties and mod-
elling, respectively, e.g. the shift of plastic-creep properties of tiny interconnects
that approach the meso-structure size (e.g. grain size, primary intermetallics
size). Application of nano-indentation techniques towards elastic—plastic, elas-
tic-creep or viscoelastic strongly localized materials characterization, also at
thin-film materials or intermetallics;

e Development of sophisticated modelling techniques including viable ones for
the meso-structure of materials and damage progress.
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Chapter 4

Electrochemical Behaviour of Solder
Alloys

C. Zou and C. Hunt

4.1 Introduction

Achieving high reliability is a key issue in today’s electronics assemblies, with a
loss of continuity or short circuits failures, caused by metal corrosion an important
failure mode. The corrosion source can originate from the manufacturing process,
flux residues that may contain ionic or hydrophilic materials. Also operating in
harsh environments where other aggressive species maybe encountered are another
source of contaminants. Contaminants when combined with moisture result in a
lowering of Surface Insulation Resistance (SIR) [1, 2] between conductors on the
circuit and can accelerate corrosion. On a circuit assembly, corrosion may take
place with and without the assistance of an applied voltage. Without the voltage
bias, corrosion is driven by the electrochemical force, which depends thermody-
namically on the anodic and cathodic processes. In general, the metals used for
electronic circuit have a high corrosion resistance, without bias metal corrosion
should not be a big concern. With applied bias, the voltage can overcome the
electrochemical force driving further corrosion reactions to take place. In addition,
the electric field on an insulating surface can also provide a driving force for metal
ion migration and result in dendrite formation [3, 4]. Catastrophic failure occurs
when dendrite growth between oppositely charged metal conductors bridge the
conductor gap and cause short circuits, and is a very important failure mechanism
in electronic assemblies.

A fundamental study of the electrochemical process that to dendrite formation
is difficult, since the adsorbed atmospheric moisture layer is only approximately
100 nm thick. Typically, electrochemical studies use electrode systems that are on
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a significantly greater dimensional scale than 100 nm. Dendrite formation is a
three-step process. Firstly, metal is oxidized to metal ions into electrolyte, then
metal ions migrate from the anode to cathode under an electric field, and finally
metal ions are reduced to metal and deposited at the cathode. Clearly, all these
processes are necessary for dendrite formation, and there are many factors that can
influence these processes. Metal oxidation at the anode: each metal will have a
different corrosion rate [5], and a metal with a fast corrosion rate will clearly form
higher metal ion concentrations in the thin water film, hence enhancing the for-
mation of dendrites. Metal ion transportation: if the metal ion forms an insoluble
compound, it will not migrate from the anode to cathode, and therefore, solubility
of the metal hydroxide is key to dendrite formation [6]. Finally, metal deposition at
the cathode, Zamanzadeh [7] found that there is limiting over-potential for den-
drite formation, below which dendrite formation can never occur. Most investi-
gations have avoided such difficulties by using statistical evaluation of failures
from SIR measurement, without addressing the electrochemical nature of potential
failure processes. However, some researches on electrochemical corrosion of
electronic metals are usually carried out in bulk solution without consideration of
high ionic resistance between conductor lines on electronic circuits [8—11].

The conductor—insulator structure of a comb pattern with an adsorbed moisture
layer is shown schematically in Fig. 4.1 and when an AC signal is applied an
equivalent circuit representing each significant conduction process is also shown
[12, 13]. R is the ionic resistance of the thin water layer with contaminants across
the inter-electrode gap of the comb, and Cc is the capacitance of the comb pattern.
The circuit elements in the dotted box R, are a representation of electrochemical
processes at the interface of the contaminant layer and electrode. These reactions
represent the transition from electronic conduction in the electrode to ionic con-
duction in the contaminant layer. The equivalent circuit for these electrochemical
processes includes the charge-transfer resistance Rcr associated with a faradic
reaction at the electrode surface, Cp;, a double layer or blocking capacitance at the
interface, which may allow ionic current to flow in the absence of a faradic
reaction, and Zyw the Warburg impedance, detectable when a faradic reaction
occurs under diffusion control near the interface. The different conduction pro-
cesses can be separated by electrochemical impedance (EI) measurements due to
the different frequency dependences. EI results can separate ionic resistance R,
from overall impedance of the whole system (Ry). This can provide the infor-
mation on where the controlling step in the overall conduction process lies. In this
conduction system, R¢ is an important parameter, dominating metal corrosion and
dendrite formation. In contrast, the SIR measurement can only measure the total
resistance of the system.

The aim of this work was to investigate the corrosion of three solders and two
PCB finish materials using EI. The two-electrode system of a comb test pattern,
manufactured from the studied materials, was used and tested at an elevated
temperature and humidity. The inter-electrode gap of 200 pum of the comb patterns
reflected current high-density electronic circuit design. Dendrite formation was
also assessed using SIR measurements, and these measurements were correlated
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Fig. 4.1 Conduction path for
conductor—insulator structure

M Water with M
contaminants

Electrochemical
process: Ry

with the ionic resistance R¢. The applicability of using simple and quick non-
destructive EI measurements to predict reliability was evaluated.

4.2 Experimental
4.2.1 Test Board

A test board was designed consisting of four identical comb patterns, as shown in
Fig. 4.2. The size of each comb pattern was 25 x 25 mm with 0.60 mm pitch and
0.20 mm gap. Boards were prepared with five finish materials: SAC, Sn, SnPb,
ENIG and copper. Sn, ENIG and Cu-finished boards were obtained from the PCB
supplier directly. SAC and SnPb finish boards were manufactured from Sn boards
printed with proprietary no-clean solder pastes. The pastes used were Sng;Pbs; for
the SnPb-finished boards and Sngg sAg3.0Cuy 5 for the SAC-finished boards. Sn finish
boards were used here to manufacture SAC and SnPb finish boards, the effect of
underlying metal on the studied metal finish was therefore minimized, as solder may
not completely wet the track surface particularly for SAC alloy. The wetting problem
with the lead-free soldering process was found in a previous study [14].

4.2.2 Test Board Cleaning

The aim of this work was to investigate the corrosion behaviour, and propensity of
solder alloys and PCB finish materials to form dendrites. In order to eliminate any
effects of contamination associated with the manufacture processes, the cleanliness
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Fig. 4.2 Test board with five
finishes

Cu ENIG

Sn “LLLL-SnPb “ SAC 3

of test boards with different finishes had not only to be assured but also to achieve
similar high levels of SIR. The SAC and SnPb boards were prepared by printing
onto the Sn finished as received boards with solder paste and reflowed before the
following cleaning procedure. The cleaning procedures were as follows:

For the ENIG- and copper-finished boards:

Ionograph cleaning in 75% IPA + 25% DI water mixture at 45°C for 15 min
For Sn-finished board:

A single pass through a reflow process with a maximum temperature of 250°C
Ionograph cleaning in 75% IPA + 25% DI water mixture at 45°C for 15 min

For SAC-board and SnPb-finished board:

Ultrasonic cleaning in 100% Zestron FA + at 50°C for 5 min
DI water rinsing at 50°C for 5 min
Ionograph cleaning in 75% IPA + 25% DI water mixture at 45°C for 15 min

4.2.3 Test Flux

A commercial flux was used for the study. The flux was recommended by a flux
supplier and was a no-clean flux suitable for lead-free soldering. The flux was a
low resin content, halide-free and solvent based.

4.2.4 Test Board Contamination

The cleaned boards were fluxed using 50 pl of the test flux to cover each comb
pattern. Fluxed boards were dried in a 100°C dry oven for 5 min for testing.
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4.2.5 Flux Concentration

4.2.5.1 Electrochemical Impedance (EI) Measurements

For EI measurements, the flux was diluted to a certain level to achieve pronounced
effects in the EI results from the electrochemical process. A dilution of 25% flux in
IPA was used for all board finishes defined from the preliminary testing.

4.2.5.2 Surface Insulation Resistance (SIR) Measurement

For this work, it was necessary to determine the minimum flux concentrations that
caused dendrite formation on the five board finishes. While this appears to be an
artificial manipulation of the flux residue level, it does allow characterization of
the flux residues in the critical regime for each board finish and is relevant since
process residues vary over a wide range. Therefore, the flux concentrations were
reduced as necessary from the as-received flux concentration by dilution with IPA.
Three different concentrations (low, middle and high) were found for the different
metal finishes from preliminary testing, and these are listed in Table 4.1.

4.2.6 Electrochemical Impedance (EI) Measurement

The EI was measured for each board finish using an ACM instruments GillAC.
A two-electrode system was used for the test, as shown in Fig. 4.3. EI measure-
ments were performed on three test patterns for ENIG board finish to check the
repeatability of the test, and only one test pattern for the rest board finishes. As
soon as the chamber reached the desired temperature and humidity, 40°C/93%RH,
the open circuit potential (corrosion potential) was monitored for 60 minutes, then
sample impedance were measured with the application of a 50mV peak-peak AC
single with frequencies ranging from 3000 to 0.01 Hz.

4.2.7 Surface Insulation Resistance (SIR) Measurement

A single board, four test patterns, for each board finish was SIR tested. The SIR
measurements were performed under the same condition as the EI measurements,
40°C/93%RH. A bias voltage of 5 V DC was applied during the test period of

Table 4.1 Test flux Board finish ENIG Cu SnPb Sn SAC
concentration for different - -
board finish Flux concentration (% in IPA) 5 50 15 15 15

10 65 20 25 25
15 80 25 35 35
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Fig. 4.3 Two-electrode Counter and reference electrodes
system for EI measurements

Working electrode

72 h, and the SIR was measured every 15 min. The test equipment had a 10° Q
resistor incorporated into each test channel to preserve dendrite formation, so the
minimum SIR measurement value of each channel was 10° Q.

4.2.8 EDX Analysis of Dendrites

The dendrites formed during the SIR measurement on different board finish were
identified and located using an optical microscope with back lighting, and the
dendrite composition was assessed using an energy-dispersive X-ray (EDX) ana-
lyser attached to a SEM.

4.3 Results
4.3.1 Electrochemical Impedance Spectra on Five Board Finishes

EI results, Bode, Nyquist and phase angle plots, for five board finishes are plotted
in Figs. 4.4, 4.5, 4.6, 4.7 and 4.8. Three tests, A, B and C, were performed for the
ENIG finish to check the repeatability of the testing. The results for three tests, as
shown in Fig. 4.4, showed a reasonable good repeatability; hence, only one test
was conducted for the rest board finishes.
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The EI results for the different board finishes revealed a range of responses. For
Sn, SAC and Cu board finishes, a single arc was observed in the Nyquist plot,
demonstrating that the comb behaved as a simple parallel combination of R, and C,
[12]. The components corresponding to electrochemical process were not pro-
nounced in the results. Therefore, the R, can be easily estimated as the diameter of
the arc. In contrast, the electrochemical processes were clearly apparent in the
Nyquist plot for ENIG and SnPb boards, as shown in Figs. 4.4 and 4.5. The first arc
in the Nyquist plot was due to a parallel combination of R, and C,, and the fol-
lowing behaviour in the plots represented mixed electrode reactions and diffusion
processes, and correspond to the impedance components R, Cy and Z,,. A com-
monly observed second arc was not always seen in the plots due to a high R, which
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Fig. 4.5 Bode, Nyquist and (a) 1.0E+08
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also can be distorted due to the complication of the above processes. Therefore,
these components are not always easy to interpret from the results. However, R,
always can be evaluated as the diameter of the first arc.

Another important parameter can be interpreted from the results is total
impedance at low frequency (at 0.01 Hz). At the low frequency, the impedance
measured from Bode plot is the overall resistance for all conduction processes. The
impedance from capacitive components become negligible, and this is evidenced
by the phase angle. The phase angle tends to 0° for all board finishes at 0.01 Hz.

The ionic resistances R, evaluated from Nyquist plots and the total impedance
at 0.01 Hz (R, totar 0.01)) Trom Bode plots for the five studied metals are listed in
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Table 4.2 and plotted in Fig. 4.9. These results show that the ionic resistance R,
dominates the overall impedance R, sozai0.01), s seen for Sn, SAC and Cu board
finishes. At low ionic resistance, the impedance due to corrosion processes R,
becomes significant, as seen for SnPb and ENIG board finishes. Therefore, the
lower ionic resistance of the system, the more pronounced the corrosion processes.
The ranking from the highest to the lowest in terms of the ionic resistance is
Cu > Sn =~ SAC > SnPb > ENIG.

4.3.2 Surface Insulation Resistance Results

The SIR values from four test patterns contaminated at three concentrations of flux
for ENIG-finished boards are presented in Fig. 4.10 and those for SnPb, SAC, Sn
and Cu-finished boards in Figs. 4.11, 4.12, 4.13 and 4.14, respectively.



90 C. Zou and C. Hunt

Fig. 4.7 Bode, Nyquist and 1.0E+08
phase angle plots for Sn
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Some important findings should be noted from these results. For all board
finishes at low flux concentrations, the SIR values slowly increased with time and
stabilized within the test period. This increasing SIR was typical of the situation in
which the ionic contaminants were depleted from the insulating surface due to
mobile ions migrating towards the electrodes and then undergoing reduction and
oxidation processes at both electrodes, and therefore no longer contributing to the
conduction process. In the case of the intermediate flux concentration levels,
occasional rapid changes in SIR values were noted, resulting from dendrite for-
mation. Hence, this flux level was defined as the minimum flux concentration to
promote dendrite (FCPD) growth. When the flux concentration was increased still
further, dendrite formation was more prevalent, as shown by the third plot in each
figure.

The FCPD are listed in Table 4.3 and plotted in Fig. 4.15 and the ranking for
the resistance to dendrite formation is Cu > Sn ~ SAC > SnPb > ENIG, similar
to that of the ionic resistance R, described earlier.
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Fig. 4.8 Bode, Nyquist and
phase angle plots for Cu
board
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Fig. 4.10 SIR results from 12 1 .
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4.3.3 SEM-EDX Analysis of Dendrites on SIR Boards

The dendrites formed on different board finish during the SIR measurements were
photographed using an optical microscope, as shown in Fig. 4.16, and analysed
using SEM-EDX equipment. The results are listed in Tables 4.4, 4.5, 4.6, 4.7 and
4.8, and Figs. 4.17, 4.18, 4.19, 4.20 and 4.21. They are normalized and given in
weight per cent. They revealed that for the ENIG-finished boards, the composition of
the dendrites was mainly nickel, consistent (from an electrochemical point of view)
with preferential dissolution of the nickel, compared with the noble metal gold.
On the copper-finished boards, the dendrites’ composition was, as expected,
100% copper. However, for the SnPb board finish, the high Pb content in dendrites
suggests that Pb is easier to corrode to form dendrite than Sn in SnPb alloy. On
SAC board finish, the dendrites reflected the alloy composition and were mainly
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Fig. 4.11 SIR results from
SnPb boards with three
concentrations of flux
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Sn, for some dendrites there was higher Ag and Cu. These results do not suggest a
particular sensitivity to Ag, further work is need here to substantiate earlier work at
NPL [14] that Ag migration is an issue when Ni is present. A contributory factor
suggested by Yu [15] is the formation of inter-metallic compounds in the solder
alloy that prevent Ag migration. For Sn finish, dendrites were 100% Sn.
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Fig. 4.12 SIR results from
SAC boards with three
concentrations of flux

4.4 Discussion
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4.4.1 Ionic Resistance for Different Board Finishes

An aim of EI measurements is to evaluate the metal corrosion rate at the anode, but
for our test system, the impedance attributed to corrosion process R, is not easy to
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Fig. 4.13 SIR results from
Sn boards with three
concentrations of flux
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interpret, due to the high ionic resistance between the two electrodes. The different
finished boards were similarly contaminated, if metal corrosion was not signifi-
cant, the ionic resistance between two electrodes will be the most significant part
of the overall impedance. Therefore, under these circumstances, the R, should be
the same for different board finishes. The difference on ionic resistance R, on
different board finishes must be due to the metal corrosion. Metal corrosion can
affect R, in two ways: Firstly, if the metal has high corrosion rate, more metal ions
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Fig. 4.14 SIR results from
Cu boards with three
concentrations of flux

Table 4.3 The FCPD on
different finish boards
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Fig. 4.15 THE FCPD on 70
different finish boards
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Fig. 4.16 Optical images for dendrite formed on different board finishes

can be produced from anode into the electrolyte lowing ionic resistance R, of the
system. Secondly, if the corrosion products metal hydroxide has high solubility,
corroded metal ions will stay in electrolyte and contribute to conduction process
lowing R,. Therefore, although R, is not a direct measure of metal corrosion rate, it
is a function of the metal corrosion rate and metal hydroxide solubility.

4.4.2 Effect of Ionic Resistance on Dendrite Formation

As discussed in the previous section, ionic resistance reflects a combination of the
metal corrosion rate and solubility of the metal hydroxide. In this section, the
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Table 4.4 Dendrite formed

; Spectrum Ni Au
on an ENIG-finished board

100.0
92.8 7.1
100.0
100.0
100.0

LS R S N R S R

Table 4.5 Dendrite formed

. Spectrum Cu
on a copper-finished board

1 100.0
2 100.0
3 100.0
4
5

100.0
100.0

Table 4.6 Dendrite formed

. Spectrum Sn Pb
on a SnPb-finished board

17.1 82.9
56.2 43.8
26.2 73.8
16.3 83.7
323 67.7

(O O R

Table 4.7 Dendrite formed

- Spectrum Cu Ag Sn
on a SAC-finished board

0.5 3.7 95.8
7.9 92.1
5.6 934
0.9 2.3 96.8
4.5 95.5
2.5 3.1 94.4

A N AW =

Table 4.8 Dendrite formed

: Spectrum Sn
on a Sn-finished board

100
100
100
100
100
100

A N AW =
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Fig. 4.17 Dendrite formed
on an ENIG-finished board
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Fig. 4.18 Dendrite formed
on a Cu-finished board
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effect of the metal corrosion rate and solubility of the metal hydroxide on dendrite
formation are discussed with the three steps involved for dendrite formation.

Dendrite formation can be considered as three-step process as mentioned in the
introduction, the most important step is metal ion dissolution at the anode, and a
higher corrosion rate will produce more metal ions to migrate from the anode to
form dendrites. The metal ion produced at the anode must be able to migrate to the
cathode without being precipitated as insoluble compounds; hence, the solubility
of metal hydroxide will also affect the metal migration.
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Fig. 4.19 Dendrite formed
on a SnPb-finished board

30pm

Fig. 4.20 Dendrite formed
on a SAC-finished board

With SIR testing when 5 V DC is applied to the test comb, thermodynamically
metal dissolution at the anode will dominate the anodic reactions. At the cathode,
hydrogen and oxygen reduction will be preferable reactions, as there is sufficient H*
from flux residues and O in the thin water film. Metal ion deposition may not occur
unless the over-potential is sufficiently high since the metal ion concentration may
be low due to limited dissolution at the anode. Previous work also found that a
minimum cathodic over-potential was required for the appearance and propagation
of dendrite [7]. The voltage value, 5 V, between the anode and cathode would
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Fig. 4.21 Dendrite formed
on a Sn-finished board
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normally be considered to be high for an electrochemical process in solution.
However, the electrolyte on the comb is a thin water film, and hence, there is a
significant voltage drop across the inter-electrode gap R¢. Therefore, the activation
over-potential at the electrodes is very small and depends on the R value. If system
has low R¢, then more voltage is dropped at the electrodes and a higher over-
potential is achieved. With a higher over-potential at the cathode, there is an
increased the ability for metal ion deposition.

Furthermore, a high over-potential at the anode accelerates metal dissolution,
and in turn, more metal ions will be produced in the electrolyte. Thus, a system
with low R, both the metal ion concentration and the cathodic over-potential will
be high and help to promote metal ion deposition at the cathode. Therefore, ionic
resistance R¢ is a very important indicator on dendrite formation for the system.

4.4.3 EI Measurement to Predict Dendrite Formation

The ranking on propensity to form dendrite for five studied metals from SIR
measurements demonstrates an inverse correlation with ionic resistance (Rc)
interpreted from the EI results. Therefore, R can be used to predict the propensity
of the studied metals to form dendrite. The EI measurements use a small amplitude
AC single, and the technique itself does not actually promote dendrites. Hence,
this predictive capability could be developed into a non-destructive fast test
method.

The higher propensity to form dendrite on SnPb-finished board compared with
SAC- and Sn-finished board is due to its low ionic resistance, which was probably
caused by high corrosion rate of Pb in SnPb solder alloy, or, and high solubility of
Pb(OH),. This was supported by the EDX analysis of the dendrites showing high
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Pb content. Low propensity of lead-free solders implies that the reliability of the
circuit will be improved using lead-free solders over a SnPb solder. This will not
always be necessarily true, because high temperature soldering process and dif-
ferent metallurgy require more active fluxes for lead-free solder; hence, there is the
potential of leaving more flux residues on the circuit. The dendrite formation
strongly depends on the level of flux residues, as the SIR results in 3.3, and
discussed in previous report [14]. The propensities to form dendrites in lead-free
solders, SAC and Sn, are likely to be similar and dominated by the corrosion of Sn,
the main constituent in these alloys.

Comparing two PCB finishes of Cu and ENIG, the low propensity to form
dendrite for the Cu finish, compared to the ENIG finish, can be attributed to the
low corrosion rate and solubility of Cu(OH),. The low solubility of Cu(OH), was
evidenced by some green corrosion products observed around the anode in
Fig. 4.16.

4.5 Conclusions

Electrochemical Impedance measurements have been made of three solders and
two PCB finish materials. Effect of metal corrosion on reliability of circuit (den-
drite formation) has been investigated using SIR measurement. In developing the
impedance technique, results were compared with those taken with SIR. The
corrosion conditions were manipulated so that dendrite formation occurred, and
the dendrite composition was confirmed with EDX. The dominant conduction
process for dendrite formation has been identified.

EI results were recorded over a wide range frequency on comb test pattern, as
typically used in the SIR technique. This allowed the ionic resistance R between
two electrodes to be separated from the overall impedance of the system Ryg,gs).
R was found to be dependent on the metal corrosion rate and solubility of the
metal hydroxide. The ranking from the highest to the lowest in terms of the ionic
resistance is Cu > Sn ~ SAC > SnPb > ENIG.

The relative propensity for dendrite formation assessed using SIR measurement
demonstrates an inverse correlation with ionic resistance, R, interpreted from the
EI results. In a system with low R, a significant amount of metal ion migration
occurs, resulting in dendrite formation and probable short circuit. Hence, from
these results, the Rc value could be interpreted in the relative likelihood for
dendrites to form and so the reliability of electronic assemblies. Since the EI
technique only applies a 50 mV AC signal, and a scan takes less than one hour, the
R measurement can be considered to be a fast and method non-destructive.

Dendrite formation is a complex electrochemical processes, dependent on both
the metal corrosion rate and the solubility of metal hydroxide. The high propensity
to form dendrite of a SnPb solder compared with a SAC solder and Sn is due to
high corrosion rate of Pb in SnPb solder alloy, or, and high solubility of Pb(OH),.
Therefore, under the same contamination conditions, an electronic circuit will be
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more reliable if soldered with lead-free solders. Furthermore a Cu-finished PCB
will be less likely to form dendrites compared to the ENIG finish due to its low
corrosion rate and low solubility of Cu(OH),.
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Chapter 5
Void Formation by Kirkendall Effect
in Solder Joints

M. J. M. Hermans and M. H. Biglari

5.1 Diffusion

With diffusion, the atomic movement within a solution is meant. Diffusion can be
treated either as an atomistic or as a continuum approach. In the former, the nature
of the diffusing species is considered on an atomic level, whereas the latter the
system is treated as a continuous medium on a more micro- and macroscopic level.

Diffusion may occur by migrating of interstitial or substitutional atoms,
depending on the sites the atoms occupy in the lattice.

Usually the concentration of interstitial atoms is small and only a fraction of the
available sites is occupied. This means that there are always neighboring site
where the interstitial atom can jump to. For substitutional atoms, vacancies must
be present in the lattice.

Assume an ideal solid solution with A, the solute component, and B, the solvent
component. Due to vacancy motion, atoms can move through the lattice and the
probability for jumping into the vacancy is the same for all the atoms surrounding
the vacancy. This implies that the jump rate does not depend on the concentration.

When a concentration gradient exists within the solution, there will be a net flux
of atoms down the concentration gradient. For a one-dimensional system, this flux
can be described by Fick’s fist law of diffusion:

Jy=—Dag (5.1)
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with D, the diffusion coefficient or diffusivity and % the concentration gradient.
The diffusion coefficient depends on the activation energy for the migration and

can be expressed as:

—AH,,
RT

m

7]
Dy = |-o zvexp—| exp

5 RT = Dy epr—g (5.2)
with o the jump distance (A), z the number of nearest neighbors, v the lattice
vibration frequency (s~'), AS,, the activation entropy (J mol~' K~') and AH,), the
activation enthalpy (J mol™").

Although derived for interstitial diffusion, the equations are also applicable for
any diffusing specie in a cubic lattice.

For non-steady conditions, where the concentration varies with distance and
time, Fick’s second law of diffusion should be used.

9C, 0 (, 0C,
o 6x<DA Ox > (53)

This equation relates the rate of change of composition with time to the concen-
tration profile. When the variation of D4 with concentration can be ignored, the
equation can be simplified.

0Ca _ py OCa

o~ Pige (54)

It should be kept in mind that D is in solid solutions often dependent on the
composition as can be seen in Fig. 5.1 for three gold alloys.

In binary substitutional alloys, the situation is more complex. The rate at which
the solvent and solute atoms can move to a vacancy is not equal and each atomic
species must be given its own intrinsic diffusion coefficient.

AoC A0C
A and JB = —DB B
fobs ox

Ja = —Dqy (5.5)
J4 and Jp are the fluxes of A and B atoms across a given lattice plane (cross-
sectional area A). If these fluxes are in opposite directions and when they are not
equal, a net flux exists which should be matched by a flux of vacancies in the
opposite direction of the net flux of atoms, see Fig. 5.2. When the vacancy con-
centration should be maintained near the equilibrium, vacancy concentration on
one side of the interface vacancies should be created, while on the other side they
should be annihilated. Jogged edge locations can provide a source and sink of
vacancies. This means that extra atomic planes are introduced on one side while
planes are annihilated on the other side of the interface, see Fig. 5.3. The velocity
of any given plane can be related to the flux of vacancies crossing it:

0Xy

V= (DA - DB)a (56)
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Fig. 5.1 Variation in
diffusion coefficient (D)
with composition for 8
three Au alloys [2]
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It can be derived that Fick’s second law for diffusion in substitutional alloys is:

0Cs 0 (-0C
3 ax(Dax) (57)

in which D is the interdiffusion coefficient, depending on D, and Dp.

D = XDy + XoDp (5.8)

with X, and X the mole fractions of A and B, respectively.

It should be mentioned that the atomic mobility along defects (grain boundaries,
surfaces, dislocations) can be considerable different from bulk diffusion. A shift
in diffusion path mechanism can for instance occur with varying temperature.
Atomic mobility is also influenced by electromigration.

Finally, when additional diffusing species are present in the system, the diffu-
sivities are altered as the probability of a jump into a vacancy will change.
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Fig. 5.3 The flux of vacancies causes the atomic planes to move through the specimen [3]
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5.2 Kirkendall Effect

The experiment by Smigelskas and Kirkendall [1] studied the diffusion couple
copper—zinc. At the original interface of the two pure metals, fine marker wires
were incorporated. After annealing, the concentration profiles were determined
across the interface. The interesting result of their study was that the marker wires
had moved during the diffusion process. This is shown schematically in Fig. 5.4,
where the upper figure represents the situation before the heat treatment, while the
lower figure shows the position after diffusion had occurred. The distance of the
marker movement was found to vary with the square root of time the specimen
was kept at the diffusion temperature. The moving plane in which the markers are
situated is called the Kirkendall plane.

This marker movement could only be explained by a different speed of diffusion
for the different types of atoms. In this way, the effect confirms the vacancy
mechanism of diffusion, with different rates of jumping into a vacancy for both
types of atoms. Cooperative movement (direct interchange and Zener-ring mech-
anism) of atoms can be discarded in the case the Kirkendall effect is observed.

Darken’s equations (Eqs. 5.6 and 5.8) makes it possible to determine the
intrinsic diffusivities experimentally. The following assumptions are required for
this derivation.

e volume expansion/contraction due to unequal mass flow only takes place in the
direction perpendicular to the interface

o the total number of atoms per unit volume is a constant (ns + np = constant)

e porosity does not occur in the specimen during the diffusion process.

Fig. 5.4 Marker movement
in a Kirkendall diffusion
couple [2] Pure metal & I Pure metal 4

Wire —0
<Interface or weld

?

(A)

X 100 per cent 4
| &7

Original interface \l/ ,1
&<— Wire

Penetration curve /)
/1

(per cemA)\),
719

(B) O per cent4
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Fig. 5.5 Back-scattered
electron image (BEI) of an
Au_AuzeZng, (“g-AuZn,”)
diffusion couple annealed at
500°C for 17.25 h under
flowing argon. After
interdiffusion, the ThO,
markers introduced between
the couple halves are clearly
visible as two distinct straight
rows of inclusions [4]

T-Auan

B'-AuZn

Au

Two standard methods for measuring the diffusion coefficient are:

e Diffusivity is assumed constant (Grube method)
e Diffusivity is a function of the composition (Matano method).

Van Dal et al. [4] and Paul et al. [5, 6] studied the Kirkendall effect for various
diffusion couples and showed that multiple Kirkendall planes can develop. This
can be seen in Fig. 5.5. The Kirkendall planes can be either stable, unstable or
virtual. By using a Kirkendall velocity plot, it is possible to explain and predict the
Kirkendall plane formation.

5.3 Kirkendall Void Formation

Due to the difference in diffusivity of the atoms in a binary solution, one of the
components in the diffusion couple will experience a loss of mass while the other
component will gain mass. As a result of the mass transfer, shrinkage and
expansion will occur in the parts of the system. In this way, a state of stress is
introduced in the diffusion zone. The part that suffers a loss of mass is placed under
a two-dimensional tensile stress, while the side that gains mass will be placed
under a compressive stress. These stress fields may bring about plastic flow.

Furthermore, if one of the components in a binary diffusion couple diffuses faster
than the second component, a vacancy flux passes in the direction of the slowest
component. The vacancies are both created and annihilated in the metal couple at
sources and sinks such as dislocations or internal interfaces, as mentioned before.
The combination of vacancy flow and vacancy condensation in combination with a
state of tensile stress makes it possible that voids are formed, see Fig. 5.6.
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Fig. 5.6 Regions of <«—Cu
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5.4 Kirkendall Voids in Solder Joints

The evolution of the microstructure of a soldered joint is governed by the phe-
nomena that take place during the soldering stage, where dissolution of compo-
nents in the liquid metal occurs, and the subsequent solid state diffusion during its
life time.

Over the last decade, effort has been undertaken to model the microstructural
evolution and the occurrence of Kirkendall planes [7]. The phases can be predicted
from thermodynamics and kinetics. Also the morphology of the phases plays an
important role as it may influence diffusion.

It should be noted that in the case of one of the diffusion elements in the
diffusion couple is deposited as a thin film, the layer may finally be completely
consumed during the process, and underlying species may start to participate in the
diffusion process.

A comprehensive overview of interfacial reactions between lead-free solders
and common base materials is given by Laurila et al. [8]. In this review for a
number of systems, values for the interdiffusion coefficient are given.

5.4.1 Diffusion Couple Sn/Cu

The phase diagram of the binary Sn/Cu system shows a series of peritectic reac-
tions and several intermetallic compounds. In the lower temperature range
(<415°C), the interfacial reactions of Cu with molten Sn-based solder result in the
formation of CusSn (&) and CugSns (1) layers. This later IMC has a stable form #’
at room temperature, but as available time for the transformation is short, the high
temperature 1 remains as a meta-stable phase. The stable #' may form when the
system operates at elevated temperatures. Apart from this ordening, the thickness
of the layers grows during operation.
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5.4.1.1 Reactions During Soldering: Cu Reactions with Liquid Sn

When liquid Sn comes into contact with Cu, Cu will dissolve until the solder
becomes supersaturated. Locally, high concentrations of Cu can be realized at the
vicinity of the liquid—Cu interface and CugSns crystallites can form very fast in a
more or less scallop-type of uniphase layer. In addition, a CugSns + Sn two-phase
layer may form. The formation of Cu;Sn (¢) requires long contact times and the
thickness of the layer, when observed is much smaller. The morphology of the
phases depends on the concentration gradients, distribution of alloying elements
and cooling rates.

5.4.1.2 Reactions in the Solid State: Cu Reactions with Solid Sn

In the solid state, several temperature regimes can be addressed. Up to 60°C, only
the CugSns (1) phase will grow with an observable rate. The reaction is controlled
by the release rate of Cu from the lattice. At room temperature, the main diffusing
species is Cu. Above 60°C also CusSn (¢) will start to grow and the fraction
increases with annealing time. The growth of the CugSns (1) phase is controlled by
the diffusion of Sn in the temperature range from 60 to 200°C. At the increased
temperatures, the volume diffusion of Sn dominates over the grain boundary and
interstitial diffusion of Cu. In this temperature regime, the ¢ phase continues to
grow. The initially formed morphology of the phases during soldering will have an
effect on the resulting morphology during aging.

Paul studied the intermetallic growth and the Kirkendall effect in the Cu/Sn
diffusion couple [6]. CugSns and CusSn layers were observed after annealing
215°C, 225 h. On the basis of the Kirkendall velocity diagram, a stable Kirkendall
plane was predicted in the CueSns layer. This was experimentally verified.

5.4.1.3 PbSn Solder/Electrodeposited Cu

Zeng et al. [9] studied the void formation during the reactions at the interface
between eutectic PbSn solder and electrodeposited Cu. The study was initiated to the
search for replacements for electroless Ni(P)/immersion gold (ENIG), which has a
potential reliability issue due to ‘black pad’ formation. Five candidates were
selected as alternative to ENIG plating: bare Cu, organic solderability preservative
(OSP) on Cu, direct immersion gold (DIG) on Cu, immersion Sn on Cu and solder on
Cu. They all have in common that solder will be in direct contact with Cu. The OSP
will evaporate, while DIG will quickly dissolve in the solder. Sn-Cu intermetallic
compounds will form during the soaking time and during aging. In this study, the
microstructural development at the interface was investigated during reflow
soldering (220°C) and solid state aging (up to 80 days at 150, 125 and 100°C).
A large number of Kirkendall voids were observed at the interface between
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Cu3Sn and Cu. Mechanical testing (ball shear and pull) showed brittle fracture at
the interface.

The microstructural development starts during the reflow process. After the flux
has reduced the oxide layer, the Cu starts to dissolve in the molten solder. The
layer adjacent to the interface becomes saturated with Cu. From the Sn—Pb—Cu
phase diagram, the first IMC formed is CugSns, which forms scallop-like at the
interface. The formation of the IMC takes Cu out of the saturated solder and
further dissolution will take place. The phase diagram indicates that an interface
between Cu and CugSns is not stable and Cu3Sn may form in between; initially,
this is a very thin layer. As the CueSns scallops join to become a continuous layer,
the fastest diffusion routes are the channels between the scallops. If the soldering is
followed by aging, the CugSns scallops will transform to a layer. It is observed that
the CuzSn will grow faster and thicker. Kirkendall voids are introduced at the
interface Cu—Cu;Sn, see Fig. 5.7. This is observed after 3 days aging at 150°C.
When aging continues, the microvoids coalesced into larger voids and finally into
disk-like gaps. The number of voids did not increase significantly. The disk-like
voids block the diffusion path of Cu. Without the supply of Cu, Sn becomes the
fastest diffusing species, slowing down the grows of Cu;Sn and eventually convert

Fig. 5.7 Micrographs of
cross sections through SnPb
solder Cu interface after
reflow of the ball attachment
process (time-0), a ion beam
image, b electron beam
image [9]
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Fig. 5.8 Schematic
illustration of microstructural
evolution at the interface A Soider
between solder and Cu: /’ B
a after reflow; b after aging. Cu S
The vertical arrows in Cu
(a) indicate the diffusion of Cu,Sn—¥ f a L ¥ P P
Cu atoms, while those in Kirken- A
(b) indicate the moving dall voids (a) Cu
directions of the boundaries
during aging [9]
Solder
4 4
Cu,Sn,
4 4
Cu,Sn

it back to CueSns. At lower temperatures, the time required to observe the
formation of voids increases.

The mechanism of the formation of the intermetallic compounds and the
Kirkendall voids are schematically depicted in Fig. 5.8, in which a shows
the situation after reflow and b after aging.

5.4.1.4 SnPb Solder/Sputtered Trilayer Cu/Ni(V)/Al Thin Film
Metallization

Liu et al. [10] studied the reactions between eutectic SnPb solder and a sputtered
trilayer Cu/Ni(V)/Al thin film metallization for UBM application, see Fig. 5.9. The
initial reaction products were CugSns and Cu3Sn. The Cu layer was consumed by
the Cu-Sn reaction after 1-min annealing. The scallop-type of CugSns grains, in the
as-received condition, grows during annealing in the direction normal to the UBM
and gradually transform into a columnar morphology. At the interface Cu—Cu3Sn,
microvoids formation takes place after one reflow. The Cu;Sn grains are grouped
in clusters and Kirkendall voids are observed in the center of each cluster, see
Fig. 5.10. The Cu3Sn transforms in CugSns after annealing for more than 1 min at
220°C. The Kirkendall voids that were observed to accompany the formation of
CusSn disappeared when this layer transforms to CugSns. Cu is identified by
marker movement as the dominant diffusing species and the out-diffusion of Cu is
balanced by the in-diffusion of vacancies. The disappearance of the voids is
explained by the diffusion of Sn through the CugSns layer and the reaction with
Cu;Sn to form CugSns. The volume exchange between the Sn and the vacancies
eventually leads to the disappearance of the voids.
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Fig. 5.9 Cross-sectional
schematic representation of ss=== Cu 300 nm

mm— Ni(\/) 400 nm
a SnPb solder ball on the = A 400 nm

trilayer UBM [10] Eutectic SnPb comzzn BCB

5i0,
Si

Fig. 5.10 TEM image of
the Cu3Sn grain and the
Kirkendall voids [10]

The Ni(V) layer remains almost unchanged and there is no spalling of CugSns
and Ni(V). As the reaction between Ni(V) and solder is limited, it indicates that
CugSns acts as a diffusion barrier, preventing Sn to react with Ni(V).

5.4.1.5 Eutectic SnAgCu Solder/Sputtered Trilayer Cu/Ni(V)/Al
Thin Film Metallization

A study was also conducted to the wetting reaction between eutectic SnAgCu and
the AI/Ni(V)/Cu thin film UBM [11]. This solder shows a somewhat different
behavior compared to SnPb solder as the CugSns IMC does not form an optimal
diffusion barrier. In fact due to the higher solubility of Cu in SnAgCu, the IMC
layer dissolves. Super saturation of the solder with Cu may overcome this problem.
No reference is made to the formation of Kirkendall voids.
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5.4.1.6 SnAg;5Cu(,/CuOSP Board Metallization

Bennemann et al. [12] investigated microstructural development, IMC and defect
formation in solder to package and solder to board metallization interfaces. After
one reflow, the CugSns and CuzSn IMCs are formed. After high temperature
storage, the thickness of these layers increase. Under the conditions mentioned
no or only small pores are detected that were not considered to form reliability
risks.

5.4.2 Diffusion Couple Sn/Ni(P)

In this section, the interaction between Sn-based solders and a Ni(P) substrate will
be discussed. The interfacial reactions between Sn and Ni are described in detail
by Laurila [8]. It should be noted that additional alloying components influence the
evolution of the microstructure.

5.4.2.1 Sn-3.5Ag/Electroless Ni(P)

The microstructural evolution and mechanical properties were studied for soldered
tensile testing specimens, as presented in Fig. 5.11a, and for UBM configurations
[13, 14]. The reflow temperature was 251°C for 3 min, while the specimens were
aged at different temperatures and times.

It appears that three interfacial layers are formed, NizSny, NiSnP and NisP, as
depicted in Fig. 5.11b. The as soldered specimens fracture during tensile testing in
the bulk solder. Fracture position for the aged specimen gradually changes to the
interface of the solder/Ni3Sny, and finally to the Ni—P/Ni substrate interface,
depending on temperature and time. During aging, the intermetallic compound
layer thickness increases. At the later interface also, Kirkendall voids are observed
inside the Ni;P layer, see Figs. 5.12 and 5.13. Silver forms Ag;Sn IMC particles
randomly distributed inside the solder matrix. It is not likely that it has a major
effect on Sn-Ni interfacial reactions.

The mechanism of the reactions of the solder with Ni-P UBM is sketched in
Fig. 5.14. The formation of Ni3Sn, caused a depletion of Ni in the Ni—P layer. This
results in the formation of NizP, which is crystalline. Growth of NizSny is sup-
posed to come from the net Ni out-flux through the NizP layer. Diffusion through
this layer is relatively easy due to the columnar grains. Sn does not diffuse up to
the NizP layer but remains in a ternary NiSnP layer.

Jeon et al. [15] found Kirkendall voids in the NizSny layer close to the NizP
layer, both not inside this layer.
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Fig. 5.11 a Dimensions of Solder

the tensile testing specimen

used in this study. The ¥

dimensions are in 15 | NI Ni-P Wi NI
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Fig. 5.12 Cross-sectional
view of the magnified failure
path, the failure between the
solder and Ni3Sny. Kirkendall
voids are visible in the NizP
layer [14]
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5.4.2.2 SnAgCu Eutectic/Ni(P)

Upon reflow at 240°C, apart from the Ni;P layer, a (Cu,Ni)¢Sns layer is formed
rather than a Ni3Sny IMC [11]. During aging, the Ni atoms were diffusing back
toward the NiSnP layer and Sn atoms were diffusing into the NizP layer.
Kirkendall voids were found in the NiSnP layer. Because Ni is coming from
(Cu,Ni)gSns to the NiSnP and no P is found in the (Cu,Ni)gSns, the voids should
have been generated by the outward diffusion of Sn.

Research by Li et al. [16] states that (Cu,Ni)¢Sn, dominates at the interface.
No Kirkendall voids are found, which can be due to the low aging temperature
of 80°C.
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Fig. 5.13 Crack propagates
through all interface layers,
including the NizP layer,
which contains Kirkendall
voids (shown by the arrows).
The joint was aged at 190°C
for 400 h [14]

Fig. 5.14 Schematic
representation of the s Solder
mechanisms in i
Solder-Ni-P [14] ~
NisSn
NiSnP
‘ L
0 \' 20
Ni  voids NisP
Ni-P

5.4.2.3 SnAg; sCug;/Electroless Ni(P) Metallization

Related work has been carried out by Benneman et al. on the microstructural
development of second level interconnects using lead-free SnAgssCuy; on an
XFLGA package [12]. The interfaces solder/packaging metallization and the
interface solder board metallization has been studied. The IMC morphology
depends on the Ni deposition (electroless, electroplated) and the solidification. The
results related to the NiAu board finish are described. Ni3Sn, and Ni3;Sny IMCs are
observed after reflow. After high temperature storage, the NisP layer shows small
pores and microcracks. After 1000 temperature cycles, small defects are found in
the P enriched zone.

5.4.2.4 Sn—Pb/Electroless Ni(P)

He et al. [13, 14] demonstrated that the lead in the solder decreases the activity of
Sn during soldering, affecting the Sn/UBM reactions. When aging, the Pb accu-
mulates at the interface creating a Pb-rich phase, reducing the Sn activity even
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more as Sn has to diffuse through this area. In other words, IMC growth is slower
when a Pb containing solder is applied.

Jang et al. [17] did not report Kirkendall voids in his experiments. He assumes
decomposition of the Ni;P layer. The Ni diffuses through the Ni3Sn, layer, causing
it to grow, while the P returns to the Ni-P.

Zeng et al. [9] mention that Kirkendall voids observed in the Ni3Sny layer, near
the Ni;P for eutectic SnPb solder.

5.4.3 Diffusion Couple Sn—Zn/Cu

Islam et al. [18] investigated the formation of IMC in the system Sn-Zn solder/Cu
substrate during reflow and extended reflow. The formation of IMCs y-CusZng,
f-CuZn and an unknown thin Cu—Zn layer is found. Kirkendall voids are observed
in this layer.

5.4.4 Diffusion Couple Sn/Ag

Silver dissolves relatively quickly in liquid Sn and the formation of the IMC
Ag3Sn is mentioned [8]. When AgPd metallization is used to reduce the disso-
Iution of Ag but mechanical problem may arise due to Kirkendall voiding. The
number of investigations in this system is relatively small.

5.5 Conclusions

The Kirkendall effect manifests itself by the movement of marker planes in a
diffusion couple system. It is the result of a net mass flow, accompanied by a
vacancy flow in the opposite direction.

A large number of studies are dedicated to the microstructural evolution in
solder-substrate systems. Apart from experimental work, models are becoming
available to predict the microstructures.

No reference is found to predict the formation of Kirkendall voids. The voids
are observed experimentally in many diffusion couple systems, but it receives not
much attention.

IMC layers with Kirkendall voids are an easy path for crack propagation and
determine the reliability of the solder joint.

5.6 Appendix

See Table 5.1.
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Chapter 6
Tin Whiskers

Antonello Vicenzo

6.1 Introduction

Tin-based finishes are the dominant solution for replacing tin—lead alloys used in
lead-frame plating due to economic and manufacturing reasons. Pure tin layers are
also extensively used as contact surface and protective coatings for connectors,
relays and other electronic parts, as well as solderable finish on printed circuit
boards.

Outstanding characteristics of corrosion resistance, low melting point, high
electrical conductivity, solderability, non-toxicity and large availability have
motivated this choice.

However, tin-rich finishes pose a reliability risk due to potential growth of
whiskers, i.e. filamentary crystals which are conductive and mechanically strong.
In fact, pure tin and tin-rich finishes are all, in different degree, prone to
whiskering.

The tin whisker is an old problem for the electronic industry and an enduring
challenge for physical metallurgists. Following the approval of the RoHS directive
by the European Parliament, the whisker problem was unexpectedly revived and
continues to stand up as a major technical issue raised by the lead-free legislation.

It is about 60 years since the first time whiskers were recognized as a potential
threat to electric and electronic equipment. During this relatively long lapse of
time, indeed a long time from the perspective of technology development, innu-
merable experimental investigations and a few theoretical studies were conducted,
thanks to which a significant progress in understanding was achieved. In more
recent years, whisker studies have been strongly intensified because of the urgent
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need of mastering this insidious threat for the sake of industrial implementation.
A review compiled by Galyon [1] is a detailed account of the history of this
troublesome and fascinating phenomenon up to 2004.

The prevailing attitude towards the whisker issue is that the current state of
knowledge is inadequate to provide a comprehensive picture of the phenomenon.
In particular, the mechanistic details so far uncovered and the physical models
developed are still unable to provide a solid base for the assessment of the kinetics
of whisker growth. Moreover, the technique of mitigating whisker growth is today
not much ahead of the level of efficacy and technological confidence of some
decades ago. Nevertheless, tin whisker mitigation practices have seen some
refinement and consolidation over the last 10 years, and, most importantly, new
plating processes have been developed ensuring lower propensity to whiskering.

Therefore, despite a persistent uncertainty, the present level of understanding,
the development of mitigation practices and, finally, the advances in plating
processes, all these elements have contributed to give confidence to users in
adopting tin-based finishes for electronic products with short service life and low-
reliability requirements. Still, given the present state of knowledge, the use of tin
finish in mission critical applications is unanimously considered as a high-risk
scenario. However, both management and market factors may leave no choice but
using tin base finish also in high-reliability segments of the microelectronic
industry. That is the simple reason why continued research on tin whisker and
mitigation is a must.

6.2 Failure Mechanisms

Tin whiskers are reputed responsible of failure events by a number of different
mechanisms. However, it should be stressed that not all of these mechanisms are
either documented or undoubtedly ascertained.

e FElectrical shorts at relays and connectors. This is the best documented failure
occurrence caused by whisker formation; a number of reported cases are
included in the list of whisker failures compiled by Leidecker and Brusse [2].

o FElectrical shorting between neighbouring terminations of lead-frame. In low-
voltage, high-impedance circuits, the current may be insufficient to fuse a
whisker open. According to Arnold, the fusing current for a 2 pym diameter,
2-mm-long whisker is in excess of 10 mA [3]. The fusing current of a whisker
depends on its diameter and its structure, if hollow. According to Dunn [4], the
short-circuit current ranges from 10 to 30 mA as the diameter increases from
1 to 3 um. A current range of 7-15 mA to fuse open a tin whisker depending on
its geometry was reported in a recent study [5]. A burnout maximum current of
75 mA was reported by Hada et al. [6]. An empirical model for quantifying the
probability of failure by short circuit caused by tin whiskers as a function of
voltage was developed by Courey et al. [7, 8].
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e Shorts caused by metal debris, bridging the gap between conductors remote
from the whisker origin. Such an event of failure requires a whisker to break
loose from the surface because of mechanical shock or vibrations. This failure
risk should be weighted in the light of the available information about whisker
mechanical strength. Dunn performed mechanical shock and vibration testing on
tin whiskers [9], concluding that, in his experimental conditions (vibration
frequency in the range 10-2,000 Hz, shock loading in the range from 20 to
2,000x g), neither vibration nor mechanical shock caused any visible damage to
whiskers. The same conclusion emerged from a study where similar conditions
of vibration test were used [10]. In the later study, mechanical shock tests were
also performed according to the drop impact test method for mobile phone
giving as well a negative response.

e Loose whiskers may interfere with sensitive optics functioning and actuators
operation. See comments above.

o [n the presence of high field, the risk exists of spark formation at the tip, possibly
initiating metal vapour arching in vacuum and combustion.

o [nterference in high-frequency devices. According to a recent publication [11],
the effect of whiskers on high-frequency circuits performance, in the range
1-20 GHz, and its interference with high-speed signals is deemed negligible.
This conclusion is based on a modelling work. On the other hand, Galyon and
Gedney [12] state that whiskers become an issue above 6 GHz and that whisker
length needs to be less than 75 pum in order to avoid affecting high-speed circuits.

In summary, electrical shorting caused by whiskers bridging conductors could
represent the highest risk event. This is a concern particularly for fine pitch
components and for applications in static environments. In a dynamic mechanical
environment, whiskers may be expected to break off if long enough, in which case
the whisker risk would be that of a shorting event caused by loose filaments.
However, this failure risk needs to be further assessed. Not only whiskers seem to
have quite a strong endurance to vibrations and mechanical shocks but, in case of
breaking, the risk of shorting may be significantly reduced if not nullified, because
of the high contact resistance between the mating surfaces [13]. In fact, short
circuits caused by whiskers bridging closely spaced circuit elements require a
minimum relatively high contact pressure or, alternatively, local breaking of the
surface oxide. According to Hilty and Corman [5], contact pressure in the range of
107°-107% N was necessary in order to overcome the contact resistance. In the
same study, voltage breakdown was observed on applying voltage higher than 3 V
to the contact interface.

6.3 Whisker Morphology

There are two main morphological types of spontaneous crystal growth, which are
usually observed on tin-based finish and which can be classified as whiskers.
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Fig. 6.1 Kinked whisker and
eruption on a bright tin layer
on CuFeP substrate with Ni
barrier (2 pm nominal
thickness). Ageing at 55°C/
uncontrolled humidity/

3,000 h

Fig. 6.2 Whiskers on bright
Sn/Ni/CuFeP (Ni barrier
nominal thickness: 2 pm).
Ageing: 55°C/uncontrolled
humidity storage/3,400 h
after conditioning [17]

200 um

The first type is the hair-like or filamentary crystal, which is the archetype and
the icon of the whisker growth phenomenon (see Figs. 6.1, 6.2). Filamentary
crystals are characterized by a small diameter, in the range of 1-3 pm, length from
a few tenths to several hundreds of micrometres and either a smooth or tapered
lateral surface, e.g. whiskers on bright pure Sn and Sn(Cu) layers [14]. The second
type is the columnar crystal, which is taking the place as the more familiar look of
whiskers, being the most common whisker crystal shape observed on matt tin
finishes (Fig. 6.3). Columnar whisker crystals, with diameter usually in the range
of 2-6 um, depending on the grain size of the tin layer, have length rarely
exceeding 0.2 mm and a streaked surface. There are however reports of whisker
growth on matt tin surfaces having length up to 0.45 mm under high temperature
and humidity conditions, that is 60°C and 93% RH [15], or with a thin tin layer,
namely 2.5 pm, on copper lead-frame under ambient storage conditions [16].
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Fig. 6.3 Columnar whiskers,
mostly curved or kinked, on
matt tin layer on Cu lead-
frame, with post-plating bake.
Ageing according to JEDEC
test conditions: 60°C/85%
RH/4,000 h

A common and characteristic morphological feature of both filamentary and
columnar whisker crystals is a constant cross section from the base to the tip.

A different class of morphological features, still referable to spontaneous crystal
growth or recrystallization growth behaviour of a tin surface, engenders a number
of different growth features, which are named by different locutions, such as
nodule or bud and flower or simply eruption (see Fig. 6.4).

Nodules and, more generally, eruptions may be whisker growth warning signs.
All these features may be seen on either matt or bright tin coatings, though odd-
shape eruptions are more common on bright tin surfaces.’

Whiskers should be straightforwardly identified by their peculiar morphology,
i.e. the hair-like or columnar shape of growth. However, from time to time, there
are reports of abnormal crystal growth phenomena observed on tin layers as well
as other metals, which are hastily classified as whisker. Unusual morphology
includes conical, pyramidal whiskers and the like. A recent example of such odd
growth morphology is the report of ribbon-like whiskers observed on matt tin layer
on Cu—5%Sn—0.35%P substrate after exposure to 55°C/100% RH [18]. Unusual,
rarely observed, growth morphologies are possibly relevant to mechanism, but
cannot be deemed relevant to most in-use conditions.

The user should be aware that the plating process itself can produce a rather
impressive gallery of peculiar growth features, including dendrites (i.e. branched
crystals), needle-like crystals usually in thick bundles, conical or acicular protru-
sions and even ribbon-like crystals. These abnormal growth features can be pro-
duced during the plating process and are associated with conditions of either mass

! Tin is electrodeposited with either a matt or bright finish depending on the type and load of
additives in the plating solution. The type of finish is basically characterized by the surface grain
size, which is usually in the range of 3-5 pm for matt Sn (but may range from 1 to 10 um scaling
with layer thickness) and less than 1 pum for bright Sn deposits. The level of compressive residual
stress (higher for bright, lower for matt tin) and the carbon content in the layer (less than 0.05%
for matt Sn and in the range of 0.1-1% for bright tin) are also usually referred to as qualifying
properties of the type of finish.
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2(50 pnm

Fig. 6.4 On the left, a linear array of nodules along a surface scratch on a 5-pum bright tin layer
on brass substrate, after 1,000-h ageing at room temperature and uncontrolled humidity. On the
right, a tin nodule or flower from which a whisker is sprouting (10-pm-thick bright tin coating on
CuFeP substrate)

transport polarization effects or out of control plating bath chemistry (a library of
such abnormal morphological features was produced by dosing a tin electrolyte
with a wetting agent in conjunction with lead impurity [19]).

Besides the consequences of process control deficiency, it should also be
mentioned that corrosive environment may induce the growth of seemingly
whisker crystals, likewise the special case of whisker growth on silver surface
exposed to sulphide-containing environment.? Caution should be used in drawing
conclusions from corrosion-induced tin whisker growth, meaning by this expres-
sion the formation of whisker crystals in the presence of a specific chemical
participating in their formation, since field conditions are, for most applications,
far less aggressive than those required for such an occurrence on tin finish.

6.4 Mechanisms

The detailed mechanism of whisker growth is still controversial and, as a result,
the ultimate theory of whisker formation has yet to be written. Despite this state of
affairs, there is a wide consensus that whisker formation is a stress relief phe-
nomenon—a discovery now more than 50 years old [21, 22]. Namely, it is now
generally recognized that this peculiar crystal growth phenomenon is driven by
compressive mechanical stress in the tin deposit on which the whisker crystals
grow. A well-informed account and an historical perspective of the tin whisker
theory development are given in reference [1].

2 Many other metal surfaces grow either metal or compound whiskers, in different and possibly
quite special conditions [20] but, in most cases, with the notable exceptions of zinc, cadmium and
silver whiskers, it is hard to say if this is of any practical relevance.
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One of the arguments that is frequently put forward to justify the impossibility
to define a solid theoretical framework and find a general agreement on the
underlying mechanism of whisker formation is the inconsistency of the results
reported in the plethora of whisker studies available, conducted during more than
half a century. Indeed, it is common experience of those who have carried out
whisker testing that the consistency of the results is by itself an achievement.
Indeed, there are many different factors from which whisker growth may be
influenced. Among these, the plating process itself is a critical and hard to control
variable.

Thanks to the recent development of test methods, notwithstanding the fact that
they are still under scrutiny, this seemingly inherent and frustrating characteristic
of the whisker growth phenomenon seems to have been alleviated if not set aside.

However, the key reason why whisker formation is still not completely
understood is its challenging inherent complexity. As any other crystal growth
phenomenon, whisker formation is a two-stage process, involving nucleation and
growth. In addition, whiskers usually grow only after a dormancy period, which
can range from a few weeks to years.

Recently, there has been a strong resurgence of interest in the fundamental
mechanism of whisker growth. The outcome of this intense activity has been
twofold. On one hand, the concept that whisker growth may be associated with a
multiplicity of mechanisms is gaining ground. On the other hand, the key mech-
anistic aspects have been identified and nowadays are also largely agreed on.

6.4.1 Stress Sources

From an industrial perspective, the most important aspect in whisker studies is the
suppression or mitigation of whisker formation and growth. In this respect, as well
as for the purpose of product qualification, the development of acceleration
methods is an essential requisite. Obviously, a detailed knowledge of the param-
eters affecting whisker growth is key to advances in acceleration and mitigation.

It has been speculated that the driving force for whisker growth is a state of
compressive strain within the Sn layer or a positive strain gradient in the direction
from the base to the surface [23] and/or in the direction from the surroundings to
the whisker root parallel to the surface of the layer [24]. Synchrotron radiation
micro-diffraction analysis of the stress state in the region surrounding a whisker
provided some piece of evidence to this principle (on Sn(Cu) deposit) [25]. The
details of this mechanism are being developed so that it is still not possible to
formulate a quantitative growth model effectively relating the growth kinetics to
relevant physical and experimental factors, such as material properties, process
parameters and part design.

The nature and origin of this strain should first be defined. Basically, the factors
unanimously recognized as the most common determining conditions for whisker
formation and growth are the following:
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1. Formation of an intermetallic compound between the Sn-based finish and the
substrate material, inducing compressive strain into the Sn or Sn alloy layer.

2. Temperature cycling generating stresses due to thermal expansion mismatch
between coating and substrate materials.

Other sources of stress possibly having an impact on whisker growth, either as
determining driving force or as an accelerating factor, were identified over the
years, including the following:

e Mechanical stress and surface damage, an issue particularly for connectors [26].
e Surface chemical modification, primarily oxidation but also corrosion.
e Electric bias.

Some of these are discussed in more details in the following.

A mechanism of stress generation is a necessary condition for whisker growth
but it is not sufficient to explain the formation of whisker. A further condition is
the inhibition of a uniform strain relaxation in the tin layer or, analogously, the
local relaxation of the strain resulting in the formation of a whisker.

6.4.1.1 Diffusion in the Copper-Tin System

The reference metallurgical system for the whisker issue is the metal couple Sn/
Cu, the tin layer being a matt tin finish. The most widely accepted view is that
chemical affinity between members of the couple triggers the room temperature
inter-diffusion of the two metals, resulting in the formation of an irregular inter-
metallic compound layer and in the following build-up of compressive stress into
the tin layer. The basic model of internal stress generation by a chemical reaction
in the Sn/Cu couple is schematically illustrated in Fig. 6.5.

What is particularly relevant to the whisker problem is the identification of the
dominant diffusing species at low temperature, the microstructural evolution of the
interface interphases and the related stress evolution resulting from inter-diffusion
and phase transformation.

A complete and unambiguous description of the behaviour of the Cu/Sn dif-
fusion couple is still lacking. In particular, there are conflicting views on the
kinetic law governing the growth of the intermetallic layer and confusing results
concerning diffusion parameters. For a critical overview of the investigations into
the Cu/Sn diffusion couple carried out during the last decades, the reader is
referred to a paper of Laurila et al. [27].

The available experimental evidence indicates that copper is the fast diffusant
of the couple at room temperature [27], though a conclusive marker study of the
room temperature inter-diffusion in the Cu-Sn system, directly relevant to the
whisker case study, has yet to be performed. A room temperature marker study of a
thin-film Cu/Sn diffusion couple was conducted by Tu and Thompson [28]. The
Cu/Sn couple was prepared by consecutive deposition of the metals by electron
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Fig. 6.5 Sn/Cu metal couple
model system for whisker sn
growth mechanism. From up
down: Cu atoms can diffuse
into Sn at room temperature,
forming a wavy layer of
intermetallic CugSns, and
inducing compressive stress
into the tin deposit

diffusion - reaction

|
& ::)CUSSns Sn <:'°

beam evaporation, using a discontinuous, island-like film of W as diffusion marker
and measuring its depth position by Rutherford backscattering spectroscopy.
According to this study, Cu atoms were the main diffusing species at room tem-
perature. The other important finding of this work was that by isothermal
annealing at T lower than 60°C only CueSns formed and, since Cu was identified
as the fast diffusant, the interface reaction was the CugSns/Sn. The formation of the
intermetallic CuzSn was observed together with the CueSns phase following iso-
thermal annealing at temperature in excess of 60°C.

According to the analysis of Laurila et al. [27], the low temperature behaviour
of the Cu/Sn diffusion couple (T < 60°C) can be rationalized assuming that it is
determined by the operation of short-circuit diffusion paths, namely interstitial
diffusion of Cu atoms in the Sn and grain boundary diffusion of Cu atoms through
the CugSnjs reaction layer. This behaviour changes progressively with the increase
in temperature above about 60°C, as a result of volume diffusion becoming pre-
dominant. In fact, different studies agree on the observation that Sn is the fast
diffusant during formation of the CugSns phase at high temperature [29-32] and
that both Cu and Sn are mobile in Cu3Sn, the fast diffusant being Cu [31, 32]. The
Cu flux was found to be as much as three times greater than the Sn flux at 200°C.
As pointed out by Ho et al. [33], the latter finding is in agreement with the
observation that in the Cu/Sn diffusion couple Kirkendall voiding occurs at the Cu/
Cu;3Sn interface or within the CusSn layer.

The room temperature diffusion behaviour and the reactivity of the Cu/Sn
couple is particularly important to the whisker phenomenon: without the unbalance
in the room temperature global diffusivity between Cu and Sn atoms and the
simultaneous formation of an intermetallic layer—which takes place within the tin
deposit, therefore inducing a compressive strain into the tin grains—a necessary
condition for whisker growth would be lacking.
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6.4.1.2 Thermal Cycling

Thermal stress arises as a result of CTE mismatch between Sn and substrate material
(for stress being compressive on heating: o, < ag,—e.g. Alloy 42, ceramic sub-
strate as for multi-chip module ceramic capacitors). This mechanism of stress
generation is relevant to temperature cycling testing. In thermal cycling conditions
of —55 to 85°C, whisker growth is reported to reach saturation after 1,500-2,000
cycles [34, 35]. The maximum tin whisker length observed on matt tin coatings over
copper alloy lead-frame materials is about 50 pm at saturation. Similar observations
are reported for test up to 8,000 cycles [36] and 10,000 cycles [37]. On the contrary,
the saturation length of whiskers on alloy 42 lead-frame is in excess of 100 pum [38].
Tin whiskers of length exceeding 100 pm were also observed on ceramic chip
capacitors after 500 temperature cycles (—40°C/90°C) [39].

6.4.1.3 Oxidation and Corrosion

The recognition of the accelerating influence on whisker growth by atmospheric
O, and water vapour was an early observation of whisker studies [20]; the effect of
air exposure on whisker growth on Cd was noted even earlier [40]. Kehrer and
Kadereit [41] reported that 30—100 nm thick Sn films deposited on glass in a moist
oxygen atmosphere of 10~ Torr formed many whiskers after annealing at 60°C,
while when the Sn films were deposited at 107° Torr, no whiskers were observed.
Similarly, in ultra-high vacuum, no surface hillocks were found to grow on Al
surfaces under compression [42]. Both these observations pointed to a specific
mechanism of whiskering driven by oxidation.

The involvement of oxidation in the whisker mechanism of tin coatings on
brass was also demonstrated, though in this case, the dominant interaction was that
between oxygen and zinc out-diffusing from the base metal at the surface [43].
A similar behaviour, i.e. where a different element appears responsible for
increased susceptibility to whisker growth induced or triggered by oxidation,
emerges from the results of different studies, including Sn—Mn electrodeposits
[44], Sn—3Ag—0.5Cu—-1Ce [45] and Sn—Zn solder [46] and bulk Sn—Al alloy [47].

The accelerating effect of humidity on whisker growth was discussed in relation
to oxidation/corrosion first by Oberndorff et al. [48, 49] and later by Osenbach
et al. [50]. The interpretation emerging from these works was that the influence of
oxidation on whisker formation is through the induction of compressive stress due
to the volume expansion accompanying the formation of oxidation products.

The issue of corrosion during storage in high temperature and humidity envi-
ronment was carefully considered and studied in the frame of the activities carried
out within the iNEMI Tin Whisker Accelerated Test Project, due to its particular
relevance to the development of test methods for evaluating tin whiskers. Corro-
sion of the tin, possibly enhanced by galvanic contact with the underlying copper
[49] or alloy 42 [16] substrate, is now generally acknowledged as a promoting
factor for whisker growth, though its relevance to in-use condition is still debated.
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Fig. 6.6 Massive whisker
growth in a corroded zone
(punching edge) on a matt tin
layer on Cu lead-frame.
Ageing according to JEDEC
test conditions: 60°C/85%
RH/3000. Photo courtesy of
P. Crema,
STMicroelectronics

An example of intense whiskering in a corroded zone on a matt tin layer on Cu
lead-frame is displayed in Fig. 6.6.

The relevance of corrosion as a potential synergetic factor in whiskering was
raised in the PROTIN project, in the light of the results of whisker growth testing
on tin-plated copper lead-frame at 60°C/93% RH storage conditions [51]. This
phenomenon was later observed also by Osenbach et al. [52] and described as a
“condensation-induced corrosion-assisted whisker growth”. In this study, trim and
formed components were found to be particularly vulnerable to corrosion-assisted
whisker formation compared to non-trim and formed devices, which may be
explained in terms of acceleration due to galvanic coupling between the Sn layer
and the Cu substrate, according to previous studies by Oberndorff et al. [48].
In addition, it is worth noting that the morphology of the growth features, called by
these authors “flower clusters of Sn whiskers”, was quite different from the
conventional tin whisker filamentary or columnar growth and that also tin-based
materials usually considered practically immune from whiskering may grow
whisker if exposed to corrosive environment or contamination during processing,
e.g. by flux residues [53].

The occurrence of corrosion-assisted whisker formation may continue to be a
concern for damp-heat testing of component finishes for whisker growth, where
the temperature/humidity condition may incidentally get close to the condensation
point or as a result of incidental contamination. Control over this phenomenon
does not seem to be easily manageable, since it does not depend exclusively
on storage conditions but also on surface contamination and other accidental
factors. The influence of corrosion is currently explained according to the same
interpretation scheme used to rationalize the influence of oxidation [49, 50].

6.4.1.4 Electric Bias

Another possible stressing/accelerating factor is electric bias; its evident connec-
tion to in-use conditions is the reason why the Phase 4 evaluation of the iNEMI
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Tin Whisker Accelerated Test Project was designed to investigate the effects of
electrical bias on whisker formation on matte tin-plated components, assembled
with both lead-free and tin—lead solder.

Published information is relatively scarce and somewhat confusing, possibly
not comparable due to different bias level or stress (current density). Early
investigation performed by Arnold seemed to rule out the influence of bias on
whisker growth [3]. These findings were confirmed in recent works. According to
Osenbach et al., there is no effect of electric bias on the propensity for whisker
growth [52]. Similarly, Hilty et al. [54] found no appreciable influence of applied
bias on whisker growth. The latter authors followed the test conditions suggested
by iNEMI (5 V bias, with variable electric field intensity). Tests performed on
samples continuously exposed to an 50°C/50% RH environment showed that
whiskers grow both at the anode and cathode end; the whisker density was
observed to decrease in the presence of bias, while the length of whisker was
observed to increase [55]. According to a report from Texas Instruments (TT) [56],
based on results of combined environmental (51°C/85% RH) and bias tests, bias is
a relevant additional stress condition, producing more consistent whisker growth
results, though no evidence of acceleration was actually reported. The 5 V bias
suggested by the iNEMI consortium for testing was later adopted by TI and Alcatel
[55].

The electromigration behaviour and its relationship with whisker growth was
studied in pure tin using Blech structure by Liu et al. [57]. Tests were performed at
current density of 7.5 x 10* and 1.5 x 10° A cm ™2, i.e. two to three orders of
magnitude higher than in standard electronic applications, at room temperature and
50°C. They found that whiskers grew on the anode, while voids were observed on
the cathode, concluding that whisker growth occurred as a result of compressive
stress induced by the Sn atoms electromigration flux.

The influence of bias on whisker growth is still to be completely clarified. There
seems to be no conclusive evidence that bias or current flow has an influence on
whiskering of matt tin; on the other hand, there is some evidence suggesting that
whisker formation on bright tin finishes may be enhanced and/or accelerated by the
presence of bias [58, 59].

6.5 Theory of Whisker Formation

Early theories of whisker growth were based on dislocation dynamics and reached
their final stage of development with the models proposed by Lindborg [60] and
Lee [61]. The mechanism of whisker growth based on dislocation theory was first
questioned by Ellis [62] and has been the object of much criticism since then.
It can be now considered superseded by the recent developments. The experi-
mental evidence disproving dislocation-based theories is reviewed and discussed
in references [1, 14, 63].
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Briefly speaking, there are two main theoretical approaches to the whisker
growth phenomenon, with significant overlapping [14]. The first has its origin in a
reference theoretical study by Tu [64] and is generally known as the Cracked
Oxide Theory. The second one, largely based on recrystallization concepts, can be
traced back to early studies of the whisker phenomenon, stemming from the work
of Ellis [62], Glazunova [65] and Furuta [66]. It was then revitalized and devel-
oped by the Tin Whisker Modelling Group of the iNEMI consortium and is cur-
rently being further refined by group members, e.g. [67, 68].

The key difference between the two approaches lies in the explanation of the
initiation of whisker formation, namely while in the former, a key role is attributed
to the surface oxide, in the latter, the mechanism relies completely on the
recrystallization behaviour of the material, namely in the formation of recrystal-
lized grains. Grains acting as initiation site for whiskers are expected to have
peculiar characteristics, such as oblique angle grain boundaries [63] or yield stress
lower than that of as-deposited grains [69]. The detailed mechanism of whisker
development will change accordingly.

6.5.1 Cracked Oxide Theory

According to the analysis of Tu [64], the driving force for whisker formation is the
compressive stress generated by the interface reaction between the tin film and the
copper substrate to form the CueSns intermetallic, as shown schematically in
Fig. 6.7.

The mechanism proposed requires three conditions: (1) the room temperature
interstitial diffusion of Cu atoms into the Sn lattice and the reaction between the
two metals to form CugSns; (2) the room temperature self-grain boundary diffusion
of Sn atoms, that is the diffusional process enabling stress relief; (3) a stable and
protective surface oxide, which is the condition required to prevent a uniform
relaxation of the compressive stress.

It is important to stress that chemical reactions provide a continuous driving
force, as long as reactants are available, contrary to sources of thermal and
mechanical stresses, which are not usually constantly active, though there are
exceptions (e.g. connectors). The CueSns intermetallic compound formed by the
reaction between the solder finish and the substrate continues to grow overtime in
the Sn layer grain boundaries, generating and maintaining, like a wedge [61], the
compressive stress. Stress relieving is made possible by Sn grain boundary dif-
fusion down the stress gradient, feeding the growth of a whisker. In order for this
stress relief process to result in whisker formation, a further condition is necessary,
the localized fracture of the oxide layer on the tin surface, enabling the extrusion
of the needle like crystal. In the absence of a protective surface oxide, whisker
growth would be impossible, since stress could be uniformly relieved. Similar to
much older concepts theorizing the inhibition of general extrusion for whiskers to
grow [21, 70], the cracked oxide theory presumes that free deformation in the
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Fig. 6.7 A schematic
diagram illustrating the
Cracked Oxide Theory [64].
Copper migration is driven by
chemical potential gradient to
form the intermetallic layer Sn oxide _f'

CueSns in grain boundaries. <

Sn whisker

Fractured
oxide

))

This induces a compressive
stress in the Sn layer. To
relieve the stress a flux of tin
atoms driven by the stress
gradient (creep) diffuses
away and supplies Sn atoms
to a growing whisker

direction normal to the film plane is restrained by the tin surface oxide. On the
other hand, this surface oxide must not be thick so that it can be broken at certain
weak spots on the surface.

This weakness of the oxide layer allowing local breaching is explained as a
consequence of the tin lattice elastic anisotropy, resulting in strain in the direction
normal to the film plane varying with the orientation of grains. It is therefore
assumed that difference in strain along different crystallographic directions will
give rise to shear cracking of the surface oxide [61]. A weak spot in the protective
layer can be identified with a structural discontinuity, such as the misorientation of
a grain to the adjoining grains (e.g. (210) grain in a (321) + (211) matrix) [71].

According to Galyon: « The weak oxide approach remains viable, but no direct
proof has yet been published » [72]. In fact, recent results, though based on a
small base of data, show that there is no apparent crystallographic relationship
between whiskers and adjacent grains [73].

Experimental evidence against the involvement of oxidation in whisker for-
mation was claimed by Moon et al. [74]. Sn(Cu) coatings were cleaned using an
Ar* ion beam and aged in the 2 x 107 Pa Auger system chamber. Whiskers and
other features present during Ar* ion cleaning left visible shadows on the surface.
During ageing in the ultrahigh vacuum system, new whiskers, identified by the
absence of the shadows, nucleated and grew. According to the authors, this was the
demonstration that whiskers can be formed in the absence of a surface oxide.
However, it is known from an early study that ion beam bombardment of a tin
surface may induce whisker growth [75]. Therefore, the observation of Moon and
colleagues does not seem to be conclusive in this respect.

On the other hand, there are several observations that do support the relevance
of oxidation in whisker formation, as already noted previously. Moreover, if grain
boundary diffusion and grain boundary pinning are both taken as necessary con-
ditions for whisker growth, the role of the surface oxide would become decisive,
for both the initiation (the latency period) and the nucleation of whiskers [76].
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In fact, given that premise, the opening of local discontinuities (breaches) in the
oxide layer is needed for allowing a vacancy flow into the material.

An alternative explanation for the so-called weakness of the oxide layer—not
relying on either the elastic anisotropy influence [61, 71] nor the oxidation rate
difference between adjoining grains with different orientation [50, 52]—was
proposed on the basis of the electrochemical behaviour of the Sn metal, that is the
fast ion-exchange kinetics and active—passive behaviour of the metal [17]. This
concept could help in clarifying the accelerating effect of humidity on whisker
growth and also the interplay between corrosion and whisker formation.

6.5.2 Recrystallization Theory

The existence of a latency period preceding the growth suggests that whisker
formation may take place only after the achievement of a yet to define critical
state, which most likely depends on the microstructure evolution of the material.
The view of the dormancy period as an incubation time for a recovery and
recrystallization stage [77] is currently an accepted interpretation [78]. As defects
and impurities pile up at grain boundaries, the dormancy period goes towards its
end, since recrystallization becomes inhibited. The time length of the dormancy
period depends therefore on the initial level of the excess energy stored into the
material in the as-plated state. As already noted earlier, these principles were
resumed by the NEMI Tin Whisker Modelling Group and reawakened in the
frame of the current recrystallization theory of whisker growth. A recent paper
attempts to gain direct evidence to support this interpretation, presenting inter-
esting results [79].

Within the iNEMI Modelling Group, the basic elements for a recrystallization
theory were first discussed by Boguslavsky and Bush [80], in connection with a
dislocation mechanism, later completely abandoned. The general framework of the
so-called Integrated Theory was outlined in a paper by Galyon [72] and later
complemented by a paper by Smetana [63].

Special whisker grains are assumed to form during the initiation stage of
whisker growth. According to Smetana [63], whisker grains are recrystallized
grains characterized by oblique grain boundaries, contrary to as-grown grains,
which have vertical boundaries. This is the key feature of such whisker grains,
since, while the stress state in columnar grains is biaxial—i.e. there is no stress
component normal to the layer plane—on the contrary, the stress state in a grain
with oblique boundaries is triaxial at the root—there is a stress component along
the oblique boundary—and biaxial at the free surface. This shear stress at oblique
grain boundaries is thought to be essential to whisker development. Based on a
simple geometric model, the oblique grain boundary is described as a lower stress
interface compared to vertical grain boundaries, thus accounting for a positive
stress gradient towards the whisker root. The theory further assumes that Sn atoms
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diffuse towards this lower stress zone activating grain boundary sliding, the final
stage leading to whisker growth.

Probably, the most appreciated result of the Integrated Theory has been the
attempt to provide a simple and effective description of the metal couples of
interest for lead-frame components (namely, the Sn/Cu, its variants Sn/Ni/Cu and
the couple Sn/Fe-Ni42), which notoriously show different propensity to develop
whisker as well as different sensitivity to stress factors in terms of the stress state
induced into their layered structure.

The Sn/Cu couple is described by the zone model reproduced in Fig. 6.8.
According to Gaylon’s analysis [72], grain boundary diffusion of Cu atoms into the
Sn creates a vacancy-rich zone in the Cu substrate, which may eventually cause the
formation of microvoids in the reaction layer. Because of the excess volume made
available, a tensile stress develops in the Cu-depleted zone; on the other hand, the
formation of CugSns at grain boundaries results in compressive stress within the tin
layer. This is the driving force responsible for Sn diffusion towards the surface
and, given the correct conditions, for whisker growth.

Similar zone models were also proposed for the other systems, providing a per-
suasive tool to explain the build-up of internal stress into the different systems, their
sign—compressive/tensile—and their influence on the whisker formation [81].
In support to his thesis, Galyon published a series of SEM micrographs showing the
presence of microvoids at the CugSns/Cu interface [72]. As to the stress state
developing in the metal couple after formation of the CugSns layer by room tem-
perature annealing, Tu [82] reported that the strain in the remaining Cu and Sn layer
was tensile and compressive, respectively, in agreement with the zonal concept
proposed by Galyon.

Nevertheless, this pictorial view of the dynamics of whisker growth, though
persuasive, is not actually based on strong experimental evidence. The zone
structure of the Sn coating/Cu substrate has yet to be firmly supported by con-
vincing evidence. According to the classical theory of diffusion in the solid state
[83], vacancy concentration may not reach equilibrium in a reactive diffusion
couple with a strong unbalance of the members flux, possibly resulting in the

Zone1

. C
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Zone 3 - tension Kirkendall voids zone
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Fig. 6.8 Schematic diagram of the 4-zone structure of a Sn/Cu couple after intermetallic
formation as depicted by Gaylon [72]
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formation of voids either into the reaction layer or at the interface between the
product phase and the fast diffusant member. In principle, the Sn/Cu couple could
show a similar behaviour on ageing, in conditions leading to the formation of only
the CueSns phase, provided that Cu is the fast diffusant in these conditions.
However, this room temperature morphological evolution of the Sn/Cu interface
has not been demonstrated. Actually, Kirkendall void formation in the Sn/Cu
diffusion couple was reported to occur only when the product phase was CuzSn not
with CugSns [27, 33]. The kinetics of formation of the CusSn phase is diffusion
controlled, and the Sn atoms are a much slower diffusant with respect to the Cu
atoms in the Cu3Sn compound. This behaviour may account for the absence of
local equilibrium of point defects, the consequent rising of a supersaturation in
vacancy concentration, and the actual observation of voiding.

Finally, the very possibility of Kirkendall void formation in the Sn/Cu couple,
even for the case of CusSn formation, was also questioned based on the obser-
vation that the presence of impurities—such as into an electroplated Cu pad—
seems to be a condition for its occurrence [27].

6.6 Mitigation

Mitigation strategies are processes performed during manufacturing to reduce the
risk of whisker growth by minimizing compressive stress induced into tin-based
surface finishes.

There is no mitigation practice that will guarantee a zero whisker risk; that is,
there is no proof that any of the mitigation techniques so far developed can provide
exemption from whiskers for tin-based finishes.

Mitigation strategies currently used in the industry are largely based on pre-
vious experimental and theoretical achievements, though they have been thor-
oughly re-examined and proven effective on a much larger and more reliable base
of data only in recent years.

Mitigation practices are addressed in the JEDEC/IPC joint publication JP-002,
“Current Tin Whisker Theory and Mitigation Practices Guideline” [78].

The final scope of a mitigation technique should be the suppression of the
driving force for whisker growth. In the real world, the achievement of this
objective is not straightforward. In fact, the whisker growth theory itself is not
mature enough to provide the basic elements necessary for the confident design of
effective measures of mitigation. According to another view, a further obstacle
against the safe development of mitigation techniques is that there is not a single
whisker mechanism. In other words, if the assumption is made that compressive
internal stress or stress gradient is the root cause of whisker formation and that
there are different stress-generating mechanisms, then mitigation techniques may
be effective only with respect to one of these different mechanisms. That is the
reason why mitigation techniques should not be regarded as prevention techniques,
rather as whisker risk reduction methods.
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There are basically two different strategies of mitigation, having the largest
diffusion in the industry and the highest acceptance among users:

e Recourse to an underlayer as diffusion barrier, usually a nickel layer (silver was
also shown to be an effective barrier [51, 84]).
e Annealing shortly after plating (so-called post-bake treatment).

Both these mitigation techniques address but one stress source, i.e. that asso-
ciated with the otherwise uncontrolled interface reaction between the plated Sn
and the substrate material. Indeed, as noted by Tu et al. [85], the use of a barrier
layer to slow down or prevent the chemical reaction at the interface is inherently
inadequate to completely suppress whisker growth, since it has no effect on the
self-grain boundary diffusion of tin, which is the transport process responsible for
feeding atoms to a growing whisker. The relevance of this remark is not dimin-
ished by recent reports questioning the key role of intermetallic formation at the
deposit/substrate interface as the major stress source for whisker growth, based on
the observation of the effects of co-deposited impurities [86]; neither could it be
disputed were the interface reactivity disproved as a necessary condition for a tin
layer/substrate system to initiate whisker growth, as recently reported [87].

Eventually, from the point of view of industrial applications, intermetallic
formation in the Sn/Cu couple remains the most important stress-generating factor,
and then the first to be targeted by any mitigation technique; and the more so, since
it operates continuously over a long time span contrary to other possible stress
sources.

6.6.1 Nickel Barrier

The use of nickel plate as a barrier layer has an established industrial tradition for
both matt and bright Sn electrodeposits. With regard to the whisker risk, there are
about 15 years of experience in surface mount ceramic capacitor. Interestingly,
this mitigation practice was proven ineffective against thermal cycling in labora-
tory testing on ceramic chip capacitors [39]. This suggests that the results of
whiskers acceleration tests should be carefully scrutinized since they may not be
straightforwardly related to in-use conditions.

Mitigation is primarily achieved by eliminating compressive stress build-up due
to Cu diffusion and the concurrent formation of the CugSns intermetallic at the Sn/
Cu interface. A further benefit is claimed in the frame of the integrated theory of
Gaylon [72, 81], based on a four-zone model of the Sn/Ni/Cu system, where
diffusion of Sn into Ni is thought to cause tensile stress build-up in the Sn at the
interface with the Ni underlayer, counteracting the compressive growth stress in
the Sn layer. Internal stress in Sn deposits over a Ni barrier on copper alloy
substrate was actually reported to be tensile for thickness of the tin layer in the
range up to 2 pum and after 40 days room temperature ageing [88]. Accordingly, it
was also shown that a Sn/Ni finish on copper may also perform effectively against
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whisker growth in thermal cycling conditions, provided the thickness of the Sn
layer is suitably tailored in order to maintain an average tensile stress in the Sn also
during the heating cycle.

A few warning remarks should be noted in connection with the use of the nickel
barrier: first, barrier films may fail if porous or thin, may be damaged or cracked;
during reflow, solder may react with nickel and form Ni3Sn, within the Sn, causing
compressive stress. A minimum thickness of 1.27 pm is usually specified for the
nickel barrier, following iNEMI recommendation.

6.6.2 Annealing or Post-Plate Bake

Tin whisker mitigation by annealing is a strategy that has a quite good reputation
and has been in use as long as the nickel barrier solution. The post-plate treatment
of matt tin-plated lead-frame (1 h at 150°C within 24 h of plating) has been
adopted as mitigation technique by the major electronic components producers.
This mitigation technique must be used in combination with a minimum tin layer
thickness of 7 pm or 10 pm nominal [78].

Some 35 years ago, it was already established that a post-plate annealing is
effective in increasing the incubation time and decreasing the maximum whisker
length [89]. Recent results, see e.g. [52], corroborate this conclusion.

According to Oberndorff et al. [84, 90], the post-plating annealing (1 h at
150°C, directly after plating) promotes the formation of a more uniform and even
intermetallic layer (see Fig. 6.9), consisting of Cu3zSn and CugSns, inhibiting if not
preventing the formation of the compound at grain boundaries. Such an interme-
tallic layer is believed to be a durable and effective diffusion barrier against grain
boundary diffusion at ambient conditions, slowing down the otherwise continuing
growth of a discontinuous layer of the CueSns intermetallic. The improved pla-
narity of the layer, possibly in connection with microstructural modifications of the
tin coating, is believed to reduce compressive stresses and more particularly
localized stresses in the interface region.” These effects of the post-bake treatment
on the structure and morphology of the intermetallic layer and on the internal
stress state of the tin deposit were fully confirmed in a recent work by Sobiech
et al. [92].

The annealing treatment needs to be applied shortly after plating, because
intermetallic particles may form under ambient conditions and penetrate deep into
grain boundary, growing to the height of about 1 pm within a few weeks. The
thickness of the intermetallic layer that is formed by the post-bake procedure is
about 1 um thick [78].

3 An early view on the effect of post-plating annealing of electroplated tin, recently revived in a
paper by Pinsky [91], attributes its mitigation efficacy to hydrogen relief. However, it is hard to
say if there is any direct and uncontroversial evidence of the involvement of hydrogen
codeposition in whiskering of tin finish.
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Fig. 6.9 A schematic diagram illustrating the structure of a post-plate annealed Sn/Cu couple
(below) compared to the structure formed on ageing at room temperature (above). By annealing
an uniform and even intermetallic layer can be formed, acting as an effective diffusion barrier.
This reactive barrier has a two-layer structure, due to the high-temperature reaction of Cu and Sn
resulting in the formation of both CuzSn and CugSns

While the key feature of the post-plating bake treatment is believed to be the
formation of an intermetallic two-layer CugSns/CusSn barrier at the Sn/Cu inter-
face, further beneficial effects of an annealing treatment may be residual stress
relief, grain growth and recrystallization [51, 61, 76, 93].

The modification of the stress state of the tin coating due to post-plating
annealing was purposely investigated by Sobiech et al. [92] using a methodology
to perform X-ray stress measurements with controlled depth of penetration.
According to the results of this study, a residual tensile stress persists in the surface
region of tin coatings subjected to post-plate annealing even after prolonged
ageing, while compressive stresses appear concentrated in the interface region.
This depth-dependent stress distribution is believed to result in the absence of a
significant stress gradient in the near surface region of the tin deposit, which in
turn is claimed as the reason for whisker suppression [92]. In this respect, it should
be noted that, according to the analysis of Osenbach et al. [76], the improvement is
one of degree not of kind that is the increasing of the incubation time not the
elimination of the potential for whisker growth.

6.6.3 Chemical Etching or Roughening Copper Substrate

Recent work has shown that surface roughening of the copper-based alloys before
plating could reduce tin whisker growth, when the etch depth is in the range of
3-4 um. However, there is limited evidence so far. Deep etch (~3.5) of copper
lead-frames was reported to result in even growth of intermetallic layer and
whisker-free deposits [94]. The mitigating effect of surface roughening was
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reported also for fine pitch connectors, though whisker testing was not performed
according to standard methods [95]. According to Zhang et al. [94], whisker
growth is affected by texture and roughness/topography of copper substrate. The
higher the surface roughness, the lower is the whisker density and the average
length. A similar result was also reported for sputtered tin films on brass substrate
of varying roughness conditions [96].

This influence is apparently related to the growth characteristics of the inter-
metallic layer. Reasonably, the rougher the surface, the higher the nucleation
intensity for intermetallic formation; this leads to the growth of a fine grained and
relatively more smooth and regular intermetallic layer. This, in turn, may
favourably affect the stress state brought about by intermetallic growth.

6.6.4 Fusing and Hot Dipping

Fusing is performed by immersion in a hot oil bath, shortly after plating.
In principle, it may eliminate any residual stress, cause grain growth and possibly
thermal tensile stress build-up. For tin deposits on copper substrate, fusing causes
the formation of an intermetallic layer of CugSns and Cu;Sn [97]. This technique
has a quite good reputation, but is not used for components.

Hot dipping is a molten tin process, which is used for components. Hot dipping
with pure tin is not effective as mitigation technique, based on both industry
experience and testing results [37], though the latter refer to the environmental
conditions of 60°C/93% RH, i.e. testing conditions that were later abandoned
because of the risk of corrosion. Hot dip Sn—Ag and Sn—-Ag—Cu are reputed an
effective mitigation [78].

6.6.5 Conformal Coatings

The application of conformal coatings aims at retarding and/or containing whisker
growth within the coat by sealing the plated surface. Creating a mechanical barrier
against whisker growth should prevent whiskers from causing shorts between
adjacent conductors.

Actually, whiskers may penetrate also relatively thick conformal coating, but
the risk of a whisker penetrating the coating on a facing surface or the event of two
whiskers growing from near surfaces and making contact in between to create a
short can be reasonably deemed negligible. Other issues with conformal coatings
may be coverage, depending on the material of choice and the method of appli-
cation, cost and reworkability.

Papers focused on the application of conformal coatings as a mitigation practice
against tin whisker growth are relatively few in the literature [98—100] and all from
the aerospace industry. A paper from Boeing presents a detailed investigation into
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different coating materials and changing thickness [101]. Among the different
materials tested, Parylene C and silicone were found to be the most effective. Test
conditions were as follows: 278 days at ambient +336 days at 50°C/50% RH.
No obvious correlation was found between mechanical properties of the coatings
and ability to suppress whisker growth; no obvious correlation between oxygen
and water vapour permeability and ability to suppress whisker growth. Generally,
thin coatings, with thickness below about 60—80 pm, are penetrated by whiskers.
Acrylic coatings were penetrated at thickness up to about 100 pum. Thicker coat-
ings, with thickness in the range 100-150 pm, were not penetrated.

According to Livingston [102], the use of conformal coatings or foam encap-
sulation over tin finish encounters some limitations. First, there may be variability
in the quality and thickness of the coating coverage. Provision should be made to
avoid that the coating does not bridge the gap from one surface to another, since
this could provide a direct path for whisker. The application of the coating under
mounted components may be difficult. If the coating is applied by a spray process,
care should be taken to avoid shadowing effects due to high-profile components.
Livingston also reports results concerning the evaluation of conformal coatings
(Uralane 5750), according to which whiskers grew through a 6.3-um-thick coating
after 2.5 years of storage at room temperature. On the other hand, no whisker
growth occurred through a 50-pum-thick coating over the time span of 3 years.

Other characteristics, such as modulus and coefficient of thermal expansion,
should be considered to prevent cracking. Finally, conformal coatings permeability
to moisture poses an additional reliability concern, i.e. electrolytic migration that
may be trigged by surface contamination (e.g. flux residue [103]).

6.6.6 Mitigation by Alloying with Lead

The use of Sn—Pb solder alloy finish, with Pb content usually in the range 3-10%,
was the industry standard mitigation measure against the whisker risk since the
1960. This peculiar virtue of Pb alloyed Sn finish was first discussed by Arnold
[104] and is still the subject of investigation and speculation. In fact, the reasons
why Sn-Pb is whisker free or, if not exactly so, less prone to whiskering are still
not well understood.

The Sn—Pb binary system stands by itself among the phase diagrams of the
binary Sn alloys, also when compared to other Sn eutectic binary systems. The
room temperature mutual solubility is limited, about 2% Sn in Pb and practically
nil for Pb in Sn*; however, at the eutectic temperature, the solubility of Sn into Pb
is quite remarkable, about 19% (29% at) [105]. This means that some degree of

* The opposite occurs in the Sn-Bi binary system which is practically the only other simple
eutectic system of Sn relevant to application as solder finish. The Sn—Zn system is also a simple
eutectic system with essentially no mutual solubility [105].
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supersaturation may be obtained in the electrodeposited alloy [106] and in fact
Raub reported evidence of formation by electrodeposition of metastable Pb—Sn
solid solution with Sn content up to 8% [107]. Since the solubility of Pb in Sn is
very limited, the electrodeposited alloy shows a two-phase structure with an
almost pure Sn matrix and a Pb(Sn) solution. By room temperature recrystalli-
zation or after heat treatment, the near room temperature equilibrium concentration
of Sn in the Pb-rich phase, about 2%, is re-established [108], resulting in Pb
segregation at grain boundaries. Grain boundary segregation of the Pb-rich phase
is apparently a characteristic of deposit growth and not only a result of transfor-
mation taking place after deposition. In other words, the electrodeposition of
Sn—Pb alloy is likely to proceed by a process of simultaneous nucleation of the
two-phase alloy [109], so that the observed two-phase structure is the intrinsic
growth structure of the alloy and not only the result of the structural rearrangement
of a supersaturated solid solution taking place during or shortly after the
deposition.

The peculiarity of the electrocrystallization process of Sn—Pb electrodeposits is
also responsible for the microstructure of the layer (in particular of matt Sn—Pb
coatings), which is not columnar or field oriented, as invariably is for either matt or
bright Sn deposits. In fact, because of the simultaneous deposition of the two
phases, grain growth of the Sn matrix may be prevented by the formation of the Pb
reach phase, and new grains must be nucleated and grow so that the final
microstructure shows an equiaxed rather than columnar type of structure. It should
be noted that the formation of a well-developed equiaxed (not columnar) micro-
structure depends on both the Pb content in the alloy, the type of bath and the
deposition conditions, as may be inferred from results reported in [109], [110]
and [111].

The deformation behaviour of the Pb reach intergranular phase should play an
important role in determining the stress relaxation of the deposit. First, contrary to
the precipitation of CugSns particles, Pb segregation causes tensile stress build-up.
Lead has in fact higher density than tin and, given that the alloy is formed as a two-
phase supersaturated solid solution, the following separation of almost pure Pb and
its segregation at grain boundary causes the build-up of tensile residual stress in
the Sn—Pb coatings. Over longer time, the evolution of internal stress may also be
influenced by the formation of CugSns at the coating/substrate interface. On the
other hand, the almost equiaxed grain structure of some Sn—Pb deposits permits a
uniform creep deformation contrary to the case of columnar microstructure such as
those of pure matt Sn and Sn—Cu, where creep is localized, giving rise to hillocks
and whiskers. Hillocks may occur when grain boundary is relatively mobile (pure
Sn), and whiskers when grain boundary motion is impeded (Sn—Cu) [111].

Lead does not seem to be replaceable by any other metal as an alloying element
of Sn in solder finishes. First, the systems that can be considered viable for solder
finish are not many. Several requirements must be simultaneously satisfied: the
alloying element must be electrochemically co-deposited; it should not impair
solderability to any appreciable extent; it should not be a toxic or hazardous
material. Based on such requirements, it is easily seen that a number of possible
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alloying elements are ruled out and that there are but a few options. Not surpris-
ingly, these have all already been tested and/or are in use: Ag—Sn, Bi—Sn, Cu—Sn,
Sn—Zn. A further option could be Sn—Sb; however, antimony raises concerns as to
its toxicity.

6.7 Test Methods and Specification Standards

Standardized test methods and specification standards enabling the assessment of
susceptibility and defining acceptance requirements for whisker growth are key to
a save implementation of tin-based lead-free finishes in components manufactur-
ing and electronic assembly.

Standard test methods are essential for providing the industry with a method-
ological framework and a set of operating procedures for process and technology
qualification; standard tests are also vital to the ongoing activities in the devel-
opment and qualification of tin plating processes with low whisker propensity.

The final goal is to develop an accelerated test enabling the qualification of
products to serve in a given application.

Industry consortiums concerned with the tin whisker issue have been working
intensely to identify and evaluate environmental test conditions for the assessment
of whisker growth propensity of tin coating: Soldertec Global and the E4 group in
Europe,’ the iNEMI consortium in the US® and the JEITA whisker test method
subcommittee in Japan. In addition, a Tin Whisker Team established in the
CALCE consortium conducted research in this field, operating in test plans
development and mitigation practices qualification.”

Test methods for whisker growth currently in use are still under examination
and liable to modification, in particular, the high temperature/high relative
humidity test. The following remarks should be taken into account as a common
sense guidance for any further development.

e Not a single test is capable of simulating the action of all—so far known and
agreed on—driving factors for whisker growth. This is the reason why different
tests are needed to assess susceptibility. In this respect, the final application may

s Formerly E3: Philips Semiconductors, ST Microelectronics, and Infineon Technologies;
Freescale Semiconductor joined in 2004.

6 Formerly NEMI, National Electronics Manufacturing Initiative; the i prefix was inserted when
becoming International, from January 1, 2005.

7 Computer Aided Life Cycle Engineering (CALCE) Electronic Products and Systems Centre, a
consortium linked to aerospace and military industries in the US. Currently the CALCE Tin
Whiskers team (http://www.calce.umd.edu/lead-free/tin-whiskers/. Accessed 13 October 2009) is
engaged in assisting consortium members in the implementation of Sn-based finish. Expression of
this commitment is also the recent release of a software for assessing the tin whisker failure risk
in electronic hardware [59].
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be of special relevance in dictating the dominant stress source (e.g. tin coating
for connectors).

e Conflicting results were reported in the early literature and are still being
reported, most likely because of the multi-mechanism nature of whisker growth
and the practical impossibility to control all the chemical and physical param-
eters influencing this phenomenon. The only way to master this inherent
uncertainty is to provide for a sample size statistically meaningful.

e Whiskers growth goes through an incubation time which is unpredictable.
A suitable test duration and/or an appropriate pre-conditioning must be allowed.

e There is no definitive consensus on mechanism, so that test conditions and
possibly evaluation criteria may be still subject to revision.

6.7.1 JEDEC Test Method Standard

The JEDEC Standard JESD22A121 “Measuring Whisker Growth on Tin and Tin
Alloy Surface Finishes” was released in May 2005 [112], after an intense work
carried out under the guidance of the iNEMI Whisker Test Method Committee.

It recommends three test conditions, namely: two isothermal conditions with
controlled humidity and a thermal cycling condition.

It is clearly stated that the information provided by the tests are inadequate to
quantitatively predict whisker growth over long time period. This means that there
is no correlation between the results of accelerated tests described in the Standard
and in-service environmental conditions. The scope of the standard is in fact to
provide a suite of test methods for measurement and comparison of whisker
propensity for different finish processes, a consistent inspection protocol for tin
whisker examination and a standard reporting format.

Test conditions have already experienced significant changes with respect to the
initial proposal. When the “NEMI Test Method for Evaluating Tin Whisker
Growth on Plated Surfaces”, revision 6.1, of June 2004, was submitted as a new
standard proposal to JEDEC, three tests were recommended to evaluate whisker
growth propensity: storage at room ambient conditions: 30 & 2°C/60 + 3% RH;
storage at 60 £ 5°C/93 + 3% RH; air to air temperature cycling: —55 to 85°C or
—40 to 85°C, 3 cycles/h.

Test conditions for high-temperature/humidity storage were later revised, due to
concern about the risk of corrosion and its playing as a potential synergetic factor
in whiskering, as pointed out by E3 members in the PROTIN project [51]. Damp-
heat test conditions were then slightly mitigated and set to 60 £ 5°C, 87 +3/—2%
RH, as given in the October 2005 revision of the Test Method. The influence of
humidity and the potential synergy between corrosion and whisker formation was
further investigated. This concern was stressed during the iNEMI Tin Whisker
Workshop held on the 31st of May 2005 in conjunction with the 2005 ECTC
conference. As stated in the press release: “a new factor in tin whisker generation
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Table 6.1 Test conditions and inspection intervals prescribed by JEDEC Standard JESD22A121

Test Conditions Recommendations®
Inspection Minimum
intervals duration

Ambient 7/H storage 30 £ 2°C/60 + 3% RH 1,000 h 3,000 h

High T/H storage 55 4 3°C/85 + 3% RH 1,000 h 3,000 h

Temperature cycling Min: —55 to —40 (+0/—10)°C 500 cycles 1,000 cycles

Max: +85 (+10/—0)°C
Air to air; 10 min soak;
~3 cycles/h

# Total test duration is not specified; warning is given that if test duration is too short, whiskers
will not be observed. Test durations are given in JEDEC Standard JESD201

that needs to be understood is heavy oxidation or «corrosion» of the tin in humid
environments”.® As new data became available [37], the iNEMI user group
changed the high 7/H test conditions, namely adjusting the temperature to 55°C
and the relative humidity to 85%. The temperature cycling test duration was also
changed to a total of 1,500 cycles, since this was shown to saturate whisker growth
on matt Sn on copper lead-frame [113]. These changes were introduced in the
Specification Standard JESD-201 [114].

The JEDEC Standard JESD22A121 provides methods and procedures to
accelerate and characterize whisker growth on tin-based finishes; it does not define
acceptance criteria for the purpose of technology/process qualification. Test con-
ditions and inspection intervals, as defined in the Standard and later revised as in
the Specification Standard JESD-201, are reported in Table 6.1. Optional test
sample preconditioning treatments are also defined according to four options
(paragraph 5.1.2 of the standard): none; ambient conditions storage (15-30°C, 30—
80% RH) up to 4 weeks; simulated Sn—Pb assembly process; simulated Pb-free
assembly process. Preconditioning should be agreed upon between user and sup-
plier before testing.

It should be emphasized that the present test methods are not relevant for
applications where mechanical stress and other potentially harmful effects play a
role.

6.7.2 IEC Test Method Standard

The intention to propose a draft Tin Whisker Test Method to the IEC International
Electrotechnical Commission was announced in the occasion of the Tin Whisker
Joint Meeting held in Tokyo on May 15, 2003, by Soldertec, NEMI and JEITA.

8 See for meeting presentations: http://www.inemi.org/cms/newsroom/Presentations/tin_whisker_
workshop_may_2005.html. Accessed 13 October 2009.
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Table 6.2 Test conditions and duration dictated by the IEC Standard IEC 60068-2-82 Ed. 1.0:
Environmental Testing—Part 2-82: Test-Test Tx: Whisker test methods for electronic and
electric terminals

Test Conditions Duration

Ambient (A) 30 £ 2°C/60 £ 3% RH 4,000 h
(B) 25 £+ 10°C/50 £ 25% RH

Damp-heat test 55 4+ 3°C/85 + 5% RH* 2,000 h

Temperature cycle testingb Low T: —55 4+ 5°C/—40 £ 5°C (Class P) 2,000 cycles
High T: 85 4 2°C/125 £ 2°C (Class Q) 1,000 cycles

# Set test conditions so as to avoid dew condensation on test specimens

® Four classes of severity are specified, with changing low and high temperature, and two further
severity classes according to the prescribed number of cycles. For all classes: minimum dwell
time of 20 min; transfer time between extremes <30 s

The standard proposal was submitted by JEITA in March 2004 [115]; it was
approved and introduced as new work item in the IEC/TC 91 work programme in
January 2005.

The committee draft was circulated at the end of April 2005 and discussed at
the TC91/WG3 meeting in Frankfurt, in September 2005. Based on the discussion
results, a Committee Draft for Vote was prepared and circulated in December
2005, approved as of May 2006 and registered as FDIS, Final Draft International
Standard, in November 2006.

The standard “IEC 60068-2-82 Ed. 1.0: Environmental Testing- Part 2-82:
Test-Test Tx: Whisker test methods for electronic and electric terminals” was
finally released in June 2007.

This document addresses the need for standardized whisker test methods: it
does not define acceptance criteria for tin-based finishes on components, though it
does provide guidelines for acceptance but only as informative material (Annex C
and D).

Three test methods are proposed as the basis for a full protocol of whisker test
conditions, similarly to the JEDEC Standard: an ambient test; a damp-heat test; a
temperature cycling test. Test methods were defined on the basis of the tin whisker
growth mechanism conceived by the JEITA Whisker subcommittee [115].

Preconditioning treatments are dictated for SMD and other components inten-
ded for soldering, namely a simulate reflow or wave-soldering process, respec-
tively. Besides, the influence of all manufacturing processes should be considered,
e.g. trim and form of lead-frames, and a suitable preconditioning is required to this
purpose prior to testing. Test methods and conditions are summarized in Table 6.2.

The test method shall be selected depending on type of plating, underlayer and
substrate material of components, according to a defined decision matrix. For
example, see Table 6.2, the duration of the thermal cycling test shall be (P) for Fe—Ni
substrate alloy plated with Sn or Sn alloy; (Q) for all other substrate/underlayer
and plating combination.



150 A. Vicenzo

The IEC standard does not specify tests for whisker growth under external
mechanical stress’ and more generally cannot be applied for the assessment of
whiskering on other components of electronic and electrical equipment unless it is
ascertained that the material system and the whisker growth mechanism are
comparable to those addressed and assumed for the tests specified in the standard.

As already noted earlier, this standard is not a specification standard, and
guidelines for acceptance are included only for informative purpose. Acceptance
should be based on maximum whisker length observed on test samples, based on
the assumption that the whisker risk is only related to short circuit, i.e. to the
proximity of conductive elements and surfaces in electric or electronic circuitry.
In fact, since there is no evidence of any specific risk related to whisker density, in
addition, nor evidence of any correlation between whisker density and whisker
length, there is no reason to introduce an acceptance criterion based on whisker
density.

As default criterion, it is suggested that, unless otherwise specified in the rel-
evant specification, the maximum whisker length at the end of the test period
should not exceed 50 um for any of the prescribed tests; however, according to the
application, i.e., for higher packing density, higher value may also be specified.

On 21 October 2005, the JEDEC Standard JESD22A121 was submitted to
TC47 Semiconductor Devices as PAS, Publicly Available Specification, and
approved on January 27, 2006. The first edition of the IEC PAS 62483 was issued
in September 2006. The agreement is apparently that as the test method standard
was done by TC91, the acceptance standard will be done by TC47. In this frame,
the approval of A121 as PAS was intended as a temporary solution waiting for the
TCI1 test method standard.

6.7.3 JEDEC Acceptance Standard

The main issue to face with tin whisker was the lack of a clear understanding of the
mechanism. This primarily meant that it was not possible to rely on accelerated
growth results obtained under test conditions (such as those of JESD22A121) for
determining acceleration factors and, consequently, there was no room for the
development of a qualification specification. However, under the pressure of the
lead-free changeover, the need to develop a strategy to minimize the reliability risk
brought about by the introduction of tin-based finishes was mandatory.

In this context, the E4 group established minimum requirements for product
qualification to meet customer’s specifications.”

° At the time of this writing a standard proposal has been submitted to TEC for a whisker test
method designed for connectors of electronic equipment, based on the application of an external
mechanical stress.

10 F4 presentation: Lead-free packaging for semiconductor devices, 24 March 2005; available at
http://www.st.com/stonline/leadfree/e4fsl.pdf. Accessed 13 October 2009.
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The iNEMI Tin Whisker User Group was formed to work on the assessment of
mitigation practices and definition of reliability criteria. During the development
of the acceptance standard, this working group released two specification docu-
ments: “Recommendations on Lead-Free Finishes for Components Used in High-
Reliability Products”, first released in May 2005, and updated in December 2006
[116]; and “Tin Whisker Acceptance Test Requirements” (July 28, 2004).

The scope of these documents was, and still is in their more recent versions, to
provide the industry with recommendations for components used in high-reli-
ability products and to list alternatives and mitigation practices for eradicating or
lowering the tin whisker risk on finished components, connectors and PCBs.

The above-mentioned document, in its original version, also served as the basis
for the draft of the JEDEC/IPC joint publication JP-002, “Current Tin Whisker
Theory and Mitigation Practices Guideline” (March 2006), which is a valuable
source of background information on Tin Whiskers [78].

The draft document titled “Tin Whisker Acceptance Test Requirements” was
submitted to JEDEC for formal standard creation and formed the basis of the
JEDEC Standard JESD201 “Environmental Acceptance Requirements for Tin
Whisker Susceptibility of Tin and Tin Alloy Surface Finish”, released March 2006
[114]. An explanatory introduction to the JEDEC Acceptance Standard was later
given in a short article authored by Joe Smetana and Rod Gedney [113].

The specification indicates the test methods for measuring tin whisker growth,
the acceptance procedures for tin-based surface finishes, the acceptance criteria
and an in-progress tin whisker evaluation programme. In particular, test duration
and acceptance criteria are defined according to four different product classes,
which should be agreed to between supplier and user. In addition, different test
duration is prescribed for technology and process change acceptance.

Compared to the original user group recommendations, a few revisions were
introduced during industry review of the standard proposal. In particular, as
already mentioned previously, the high temperature/humidity storage test condi-
tions were changed from 60 £+ 5°C/87 +3/—2% RH to 55 4+ 3°C/85 £ 3% RH in
order to minimize the risk of condensation in the test chamber. This demonstrates
that there was a general recognition of the necessity to preserve test samples from
corrosion.

Recently, the iNEMI Tin Whisker Accelerated Test group completed its Phase 5
Evaluation, specifically addressing the influence of temperature and humidity in a
wide range of conditions [117]. The final objective was the definition of phe-
nomenological acceleration factors for whisker growth to provide ground for both
the optimum choice of test conditions and the assessment of failure rate in field
service. Additional points of debate were the storage tests duration and the sample
size. Test duration was initially open since growth saturation was required for the
test being completed. This condition was removed fixing at 4,000-h test duration for
both storage conditions. As to sample size, a minimum of 18 samples per test type is
prescribed, unless the number of terminations is less than 16, since a minimum
number of inspected terminations is also prescribed. Moreover, additional samples
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shall be included for the high-temperature/humidity test to allow for terminations or
components being skipped because of corrosion.

The outcome of Phase 5 evaluation was that both whisker growth and initiation
of corrosion can be represented as a function of temperature and humidity. The
development of such a phenomenological model is believed to allow the assess-
ment of whisker growth in other temperature/humidity conditions based on the
results of iNEMI tests. This extensive study also lead to the conclusion that a
model for the incubation time of whisker growth, either in corroded or not cor-
roded area, can be established, though with caution. A further significant result of
the Phase 5 evaluation was also the remark that two distinct temperature/humidity
test conditions are not necessary for the purpose of process qualification and
acceptance requirements; in this respect, according to the iNEMI Tin Whisker
Accelerated Test Project the optimal high-temperature/high-humidity test condi-
tions for Sn-plated copper substrates are 60°C/87% RH.

6.7.4 GEIA Standard

The GEIA (now TechAmerica) standard GEIA-STD-0005-2, “Standard for Miti-
gating the Effects of Tin Whiskers in Aerospace and High Performance Electronic
Systems”, released June 2006, describes processes for mitigating the effects of tin
finish in electronic systems used in military, aerospace and other high-reliability
applications; it does not provide a formal risk assessment of whisker formation.''
Several Control Levels are defined according to the type and extent of tin finish use
restriction, as shortly outlined in Table 6.3, and guidance on selecting the
appropriate level and product examples is provided in the Standard. Requirements
are differentiated and detailed for each Control Level with reference to product and
material documentation, monitoring plan and procedure, mitigation measures and
risk assessment. Suppliers must meet the relevant requirements for the applicable
Control Level.

The final normative section of the document is devoted to implementation
techniques. It specifies control procedures over the introduction of tin finishes into
production, methods for monitoring and testing for tin whiskers and mitigation
strategies.

6.8 Closing Remarks

Tin-based solder finishes have been safely implemented in the consumer segment
of the electronic industry. However, the tin whisker problem remains a potential

""" For an outline of the scope and content of this document see: http://www.empf.org/empfasis/
2006/mar06/geia-tin_whiskers.html. Accessed 13 October 2009.
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Table 6.3 Control Levels defined in GEIA-STD-0005-2, “Standard for Mitigating the Effects of
Tin Whiskers in Aerospace and High Performance Electronic Systems” for guidance in the use of
Sn-based solder finishes in high-reliability products

Control Recommendations

level

Level 1 No restrictions on the use of tin finish

Level 2 Use of tin finish allowed under some circumstances

Level 2A  Use of tin finish without explicit control acceptable under most circumstances, but
whisker risk assessment and mitigation strategies shall be documented. Tin finish
may be prohibited in specific circumstances, according to contract agreements

Level 2B Tin finish may be used but only under specified control measures and with
customer’s approval. Tin finish may be prohibited in some specific
circumstances according to contract agreements. Application-specific tin
whisker risk assessment will generally be applicable

Level 2C  Restricted use of tin finish. Tin finish is prohibited unless an exception with
customer approval is made. Specific instructions and control measures shall be
provided and reviewed on a case-by-case basis

Level 3 Use of tin finish is totally banned

risk that cannot be overlooked. Current and future research efforts in this field
should address different and so far neglected aspects, both at the fundamental and
applied level.

Fundamental understanding of whisker growth is essential to the development
of reliable mitigation practices and prevention strategies, enabling larger use of
tin-based finishes; it is also necessary to support and validate work on tin whiskers
acceleration factors and risk assessment.

Chemical modification appears as the key factor in whisker formation, either if
it is the case of intermetallic formation at interface, bulk phase transformation,
surface or inter-granular oxide formation. According to the current interpretation,
all these factors are ultimately responsible for inducing a compressive stress
(gradient) into the tin or tin alloy layer; this compressive stress (gradient) is almost
unanimously considered as the driving force for whisker growth. However, the
current theory of whisker formation is not complete. In particular, for the sake of
fundamental knowledge as well as for potential practical benefit, basic research
should now concentrate on incubation and nucleation mechanisms.

From the industrial perspective, the need of long-term performance results and
field studies for current accepted mitigation strategies is an obvious priority.
Moreover, a unified set of test methods and acceptance criteria should be adopted
globally. Eventually, special attention should be given to risk assessment. In this
respect, material properties, such as internal stress in tin deposits, strength and
resistance to mechanical shock and vibration of whisker crystals, should be further
investigated.

Acknowledgments I am indebted to Pascal Oberndorff for his criticism and remarks to the draft
manuscript. I am especially grateful to Jacob Klerk for his considerate encouragement during the
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Chapter 7
Electromigration in Solder Interconnects

R. Labie

7.1 Introduction

Due to microelectronics scaling, flip chip dimensions are reducing in size as well
and electromigration effects become more important [2—12]. Additionally, a lower
IC supply voltage while maintaining ever-increasing on-chip power consumption
further increases the current flowing through the solder joint. While in the past
electromigration was mainly a concern for failure of the chip metallization
[13, 14], it can now be a risk for failure at the first packaging level as well.
Particularly, since technology road maps [1] predict user currents of 0.2-0.4 A per
connection. In the past years, due to the ban on Pb, extensive reliability studies
have been carried out on Pb-free flip chip interconnections. However, major focus
was put on the thermal-mechanical reliability of the solder joints [15, 16], the
thermal interfacial reactions [17] or the solder—intermetallic (IMC) material
properties [18]. Further research on the stability of the under bump metallization
(UBM)-solder interface under electromigration is still needed.

Electromigration can be defined as the enhanced, net movement of atoms in the
direction of the electron flow. Due to uncompensated metal movement, voiding
will be induced at the cathodic side (entrance of the electron flow) and metal pile-
up will occur at the anodic side (exit of the electron flow). This phenomenon was
first discovered in the late sixties [13] when integrated circuits were introduced.
While electromigration effects in Cu or Al chip metallization lines can be con-
sidered as relatively straightforward due to their homogeneous microstructure, the
electromigration behaviour in multi-phase solder interconnections is much more
complex. A solder interconnection involves a stack of different layers and phases
where chemical gradients act as driving force for metal diffusion. Interdiffusion
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results in intermetallic phase formation, which already starts at relatively low
temperatures. On top of this, electrical current can act as an additional driving
force for diffusion, which will effect the solder joint phase formations. Depending
on the direction of the electron flow, intermetallic formation can be enhanced or
slowed down. The impact of current on intermetallic growth has been investigated
by different research groups [5, 6]. Apart from this, enhanced diffusion of metal
atoms can lead to an increased UBM (under bump metallization) consumption.
When the UBM layer is completely consumed (by intermetallic formation or
dissolution), the adhesion with the underlying chip layers can no longer be
guaranteed and joint failure will be induced. Furthermore, accumulation of voids
can lead to an open joint or can facilitate crack growth since voiding deteriorates
the mechanical integrity of the joint.

For degradation mechanisms ascribed to atom movement, it can be easily
understood that the MTTF (mean time to failure) is inversely proportional to the
atomic velocity [2]. This velocity can be described by a Maxwell-Boltzmann
equation which can be explained by the fact that atom movement is proportional to
the amount of atoms that have sufficient energy to overcome the energy barrier
(Q) to jump to a neighbouring site. In case a driving force F is active, this will
reduce the energy barrier Q for movement in one direction (along the driving
force) and increase the energy barrier in the other direction (opposite to the driving
force). The atomic velocity can then be written as Eq. 7.1 and after further
mathematical deduction, Eq. 7.3

v=vt—v = {exp (—Q ;TaF> —exp (—Q Z—TaF>} (7.1)
F
v =g - exp <— kQT) (2 : sinh;zT> (7.2)

v=A-F" -exp(—%) (7.3)

With electromigration, the driving force F is proportional to the current density
j. The MTTF for electromigration can then be written as Eq. 7.4, which is known
as Black’s law or Black’s equation:

MTTF ' = A -j" - exp (—@> (7.4)
kT

As mentioned before, the electromigration process occurring in solder joints is
not an isolated mechanism and will be combined with chemical and thermal
processes, which simultaneously alter the microstructure and can either amplify or
compensate the electromigration damage process. The activation energy reflects a
mixture of all these mechanisms and is therefore sensitive to the testing conditions
range and sample geometries. The sample geometry may have a large effect on a
phenomenon known as back stress. The net diffusion flux that occurs due to a
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certain force can be counteracted by a reverse flux to compensate for the com-
pressive stress build-up at the anodic side. Due to a gradient of vacancy concen-
tration, an atom flux can be generated in the opposite direction, which could cancel
out the former net diffusion. A clear overview of all physical, chemical and
mechanical driving forces active in a solder joint and their individual contributions
to the net atom migration is given by Ohring [2].

7.2 Experimental Guidelines
7.2.1 Statistical Evaluation

For mechanisms of which the MTTF depends exponentially on activation energy
(Black’s law) and assuming that this activation energy is Gaussian (normally)
distributed, the failure mechanism can be considered as lognormal distributed. It is
therefore valid to characterize the failure distribution of experimental electromi-
gration data by a lognormal plot. This distribution is in widespread use to predict
lifetimes for electromigration testing of on-chip conductor tracks and is more
recently also used for describing the electromigration mechanism in flip chip
joints.

7.2.2 Testing Conditions

Extensive experiments with variable testing conditions (temperature T and current
density j) are needed in order to fit Black’s equation and accurately define the
electromigration activation energy Qgnm and the current density exponent n with
high statistical relevance. In different literature references, temperature values
range between room temperature and 170°C and current densities vary from
0.4 mA/um2 in [3] down to 0.06 uA/um2 in [10]. In order to reduce the total test
time, testing conditions are often chosen at the higher limit, which means high
temperatures and high current densities. However, as with all testing conditions,
they should give rise to identical failure mechanisms as observed during service
life. An unchanging failure mechanism is needed when one wants to extrapolate
test results to operational conditions and perform lifetime predictions. It is found
that different failure mechanisms can occur for different testing conditions: Ding
et al. [3] have reported varying failure mechanisms involving different locations
for void formation below and above 120°C for Cu UBM solder joints stressed with
a current density of 0.4 mA/um?. For similar testing conditions, contradicting
failure mechanisms have been reported for Ni UBM solder joints being UBM
dissolution [3] and solder depletion at the solder—IMC interface [12]. A careful
analysis of the microstructural evolution of joints subjected to electromigration is
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therefore needed and one should be cautious when extrapolating failure times for
conditions outside the testing range.

The testing procedure for electromigration testing is described by the JEDEC
standards (EIA/JESD61 or JESD22-A108-B). The resistance of the electromi-
gration test structure should be monitored by a 4-point measurement, also known
as a Kelvin test structure. Such a test structure has separate contact pads for the
voltage and current path and allows a very accurate measurement of the resistance
value. Ding et al. [3] propose the use of a Wheatstone bridge circuit in order to
increase the voltage measurement sensitivity.

7.2.3 Flip Chip Electromigration Test Structures

Electromigration testing can be performed on single bump structures or on daisy
chains (which are serpentine connections from top to bottom device/substrate and
vice versa). These latter structures are of interest for the statistical evaluation of a
specific bump configuration since they take into account a large amount of bumps
in only one measurement. By testing more bumps, the experiment becomes more
sensitive to early failures as well. The disadvantage of daisy chains is the large
total resistance value (combination of bumps and conductor tracks), which makes
small resistance variations occurring in a single bump difficult to distinguish.
Furthermore, higher resistance values increase the risk for Joule heating. And
finally, while the direct link between resistance changes and bump failure location
is missing for daisy chains, for single bump measurements, the monitored resis-
tance variations can be ascribed to a local bump microstructural change that
facilitates the failure analysis.

A schematic cross section of a single bump Kelvin test structure is shown in
Fig. 7.1. Although the electromigration current flows through several bumps (from
bottom to top substrate and vice versa), the resistance of only one single bump is
monitored through a 4-point measurement. In order to induce failure in this bump,
it is advised to divide the reverse current (from top to bottom substrate or vice
versa) over several joints to reduce their local current density. The monitored
resistance remains a combination of several layers and interfaces, which is sche-
matically shown in Fig. 7.1 (bottom).

A novel single bump test structure (also called modified test structure or cross-
linked test structure) [19] is described in more detail as case study in Sect. 7.5.
This structure allows separating the electrical measurements of the anodic and
cathodic interface in the solder joint. Since electromigration is a typical asym-
metrical mechanism creating different effects at the different electrodes such a test
structure can easily identify the most critical interface and allows a better
understanding of the electrical behaviour.

In order to allow in situ monitoring of the electromigration experiment, the
chosen test structure should be packaged and connected to a current source and
measurement box. Packaging the sample can however add additional critical
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Fig. 7.1 Cross section (fop) and resistance scheme (bottom) of a single bump Kelvin structure
(4-point measurement)

Wire bond pads package
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Cu/Ni/Au

wire bond pad

Fig. 7.2 Wire bond failure (25 pm diameter Al) after a few hours of electromigration testing
with 0.5 A at 150°C

points since each component (wire bond connections, metal routing lines,...) on
itself should withstand the electromigration current. Early failures of other com-
ponents than the flip chip joint mask the real electromigration failure time of the
solder interconnections. Therefore, every conductive component of the current
track should be carefully designed and the applied current density should stay well
below the threshold value for electromigration. In other words, the MTTF for the
inspected flip chip bumps should be much below the MTTF of the other
components.

An example of a packaging failure is shown in Fig. 7.2. An open wire bond
connection is created by melting and fracture of the current-carrying Al wire
suggesting an extremely high local temperature, which can be induced by Joule
heating and poor heat transfer.
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7.2.4 Joule Heating

Joule heating is the heat production Q that occurs due to an electrical current
flowing through a conductor. It depends on the applied current I, resistance R and
time ¢ by:

OQ=R-I*t (7.5)

For electromigration experiments, Joule heating is induced by the resistance of the
total current path starting from the package current entrance, the metal routing
lines, the solder joint itself to the current exit. Since the solder joint dimensions are
still relatively large compared to the chip metallization lines, large current values
are needed to obtain the desired test current densities. Apart from the risk of
inducing electromigration at locations other than the flip chip joint, one should try
to minimize the Joule heating as well. The temperature rise due to Joule heating is
depending on the environmental surroundings. Depending on the thermal resis-
tance of the package, the resulting temperature rise may be different. This tem-
perature increase should be taken into account when defining the actual testing
temperature.

An example of such Joule heating is shown in Fig. 7.3 where sudden resistance
jumps can be observed as soon as higher testing currents are applied through a
packaged flip chip bump. The according temperature rise can be deduced from
these resistance jumps when the TCR (coefficient of thermal resistance) value of
the conductor is known. This coefficient indicates the resistance of a material to a
temperature increase. By heating up a conductor, the atoms in the lattice start to
vibrate which increases the scattering with the conducting electrons and increases
the resistance. When the resistance is measured as a function of the temperature,
the TCR value can be derived from the slope AR/AT and the initial resistance value
according to following definition:

AR 1
TCR = —— (7.6)
AT Ry
Fig. 7.3 Resistance rise of 400 0.8
a conductor (solder flip chip ) e
bump) due to Joule heating -CC> 300 {e=s= > M 06
induced by applying an = ' <
electrical current o =— Resistance / <
© 200 1| —¢— Current 04 ©
g / £
% 100 02
o]
m - s a
0 t t t + t 0
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The same formula can be used for calculating the temperature rise for a given
resistance jump and a known TCR value.

7.2.5 Failure Criterion

The failure criterion could be arbitrarily chosen: it can be a relative value
(a specific percentage of resistance increase is allowed) or it can be an absolute
value (resistances above a specific value are considered as failed). It is observed
that resistances of single bumps can easily rise a few hundreds per cent before an
actual open failure occurs (Fig. 7.4, left). Therefore, the chosen failure criterion
can have a large impact on the defined MTTF as can be seen in Fig. 7.4, right.

When structures are tested till open failures, one should take into account the
compliance value of the current source of the electromigration testing system.
With a testing current value and system compliance value of for instance 0.5 A and
20 V, respectively, the test will continue until a current track resistance of 40 Q is
measured. Allowing such high compliance values may lead to dramatic power
generation in the package, which further damages the test structure and compli-
cates post-mortem cross-sectional analysis.

An example of such excessive heat generation prior to or during bump failure
can be observed by the cross section of a failed flip chip bump (Fig. 7.5, left). The
original bump shape can be derived from the underfill surface. A large amount of
Sn has disappeared and indicates solder melting and even retraction of the solder
from the bond pad. The combination of an open failure criterion and large system
compliance has led to a bump melting side effect, which masks the actual elec-
tromigration failure mechanism. This mechanism is revealed when inspecting at
intermediate testing times (before open joint), which shows solder depletion and
void growth at the intermetallic interface of the cathodic side of the joint
(Fig. 7.5, right).
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Fig. 7.4 Resistance change during electromigration testing of single bumps (left)—lognormal
failure distribution of this experiment with variable failure criteria (right)
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Fig. 7.5 Cross-sectional inspection of 0.5 A current-stressed flip chip bump showing re-melting
of bump, excessive Sn migration and total UBM consumption (left), cross-sectional inspection
before open failure showing void formation at cathodic intermetallic interface (right)

7.2.6 Some Experimental Results

The amount of published investigations on electromigration failures in solder flip
chip joints is recently increasing. The scaling down of package interconnects has
made these structures more vulnerable to this failure mechanism. Unlike scaling,
the switch to Pb-free solder alloys seems to have a beneficial effect on the elec-
tromigration resistance. Several authors have observed a significant increase (up to
40 times) of the MTTF value when using Pb-free solder rather than eutectic Sn—Pb
[7, 8]. Most investigations compare different UBM solder material combinations in
terms of MTTF and failure mechanism but not always show conclusive results.
Depending on the applied testing conditions, one UBM layer may be beneficial
over the other and vice versa [3]. It is therefore recommended to keep in mind all
test and sample parameters that may affect the global reliability behaviour.

7.3 Finite Element Modelling Aid

FEM can be used to examine the current density distributions in the solder con-
nection. Only the path for carrying current should be taken into account, while
non-conductive parts, such as the Si chip and substrate, do not have to be included
for predicting the current density. However, these parts are nevertheless needed
when FEM is used for trying to predict the temperature distribution due to Joule
heating. A detailed view for the fine mesh on the cross section is shown in Fig. 7.6,
right. The mesh density should be fixed in each direction (X, Y and Z) since the
magnitude of current crowding is also dependent on the mesh density. In principle,
its value always increases when a finer mesh is employed. The total current density
o1 18 @ vector, whose value equals to the square root of the sum of the squares of

the current components in X, Y and Z direction as I, I, and /..
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Fig. 7.6 FEM model for current stressing (/eft) including all conductive parts, detailed view of
fine mesh in the joints cross section (right)

7.3.1 Current Crowding Simulations

A current distribution in one quarter of the model is shown in Fig. 7.7. Current
crowding is observed at places where the current goes in and out. For the solder
joint with a maximum bump diameter of 120 um, the average current density
should be 0.04 mA/um? (for 0.5 A). This average value is however not visible in
(Fig. 7.7, left) when the current crowding in the Cu interconnect track is dominant.
A more detailed current density distribution in the solder joints is better visualized
in Fig. 7.7 (right) after removing the Cu interconnect track and UBM parts. It
reveals that the current has a concentration at the corner of the joint. The current
density value varies from 0.25 mA/um? to less than one tenth of this value. The
current density gradient also suggests the desirable path for the electron flow: that
is from the bottom corner where the current comes in to the upper corner where the
current goes out. In fact, a direction change of the current results in current
crowding at the turning point. The magnitude of current crowding is influenced by

of

Loavel canel
Current Devity Curraent Deraity i1

Fig. 7.7 Current crowding occurs at the places where the current goes in and out (left), detailed
view of the current distribution in one quarter of a joint (UBM and Cu track removed for better
visualization)
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each component involved, such as their material properties and geometry. While
usually an average current density value is chosen to fit Black’s law, the simulated
current density distributions clearly show large deviations from the mean value.
Taking into account the presence and location of current density peaks may help to
better understand the damage evolution.

7.4 Case Study: Development of a Novel Test Structure

As mentioned before, Kelvin single bump electromigration test structures monitor
the resistance of the complete bump stack. The measured resistance value is the
sum of the resistances of the different layers and interfaces in the bump. These are
the chip (top substrate) metallization, the chip UBM, the intermetallic compounds
at the chip side, the solder, the intermetallic compounds at the package side
(bottom substrate), the package UBM and finally the package metallization
(Fig. 7.1, bottom). Electromigration causes a typical asymmetrical behaviour
depending on the current direction. It is expected to cause voiding at the cathodic
interface (current input) and metal pile-up at the anodic interface (current output).
By using a standard bump 4-point measurement, it is not possible to discriminate
the electrical resistance values of the different interfaces. A novel test structure is
therefore developed that allows separate resistance measurements of both the
current input and output interface (Fig. 7.8) [10, 19].
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Fig. 7.8 Cross section and resistance scheme of modified bump 4-point measurement
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Fig. 7.9 Cross section and fop view of modified bump 4-point measurement with concentric
side-bump design

The novel test structure consists of two ‘cross-linked’” bumps of which the
processing is as follows: two neighbouring bumps are placed in such a way that
after solder deposition and reflow, bridging occurs and an electrical connection is
formed along the bulk solder (Fig. 7.8, top). This cross-linking of bumps is
obviously a not-wanted situation in regular bump processing since this leads to a
short circuit. However, in this case, it is deliberately done to be able to execute
multiple 4-point measurements over each interface. In order to have a homoge-
neous current distribution, the second bump or ‘side’ bump is placed in a C-shape
or concentric way around the first one (Fig. 7.9).The electromigration current /gy
and the measurement current I are applied through the central bump. The principle
of a 4-point measurement is that the resistance value of only the common part of
both the (I, I") and (V*, V™) tracks is measured. With the novel test structure, two
(V*, V7) tracks can be combined with one (I*, I") track which makes multiple
4-point measurements possible. As mentioned before, the electromigration current
is applied through the central bump. By measuring the voltage over this central
bump, a standard flip chip resistance measurement, which gives the resistance
value of the whole stack, is still possible. When measuring however the voltage
from a side bump to one interface of the central bump (for instance: VPt V), the
resistance of that specific interface can be measured separately. Since the current
only flows through the central bump, the measured resistance will be defined by
the common part only. This is a sum of the solder and the bottom interface
resistance, which consists of the under bump metallurgy and the formed inter-
metallic compound. Obviously, the same method can be applied to the top inter-
face. With this novel test structure, it is now possible to monitor the resistance
changes of the cathodic and anodic interfaces of an electromigration bump sepa-
rately. This way the most critical interface in a bump connection can be defined.

7.4.1 Experimental Set-Up

This novel test structure is validated by performing electromigration experiments
on pure Sn solder flip chip bumps. Two different UBM choices are investigated:
either 5 um Cu or 3/2/0.15 pm Cu/Ni/Au. The metallization is always symmetrical
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ct lines M1

Fig. 7.10 Top view LOM picture of cross-linked bump after UBM deposition (still in resist)
(left) and after solder plating and reflow (right)

which means that it is identical for the top and bottom substrate. The experiments
are executed with a constant ambient oven temperature of 150°C, the actual joint
temperature is unknown. The electromigration current is set at 120 mA which
corresponds to a current density of 0.06 mA/um? with a central bond pad diameter
of 50 um®. The used test conditions are comparable with general flip chip
requirements defined by bump supplier and consumer companies [20] who indi-
cate that bumps should withstand at least 1,000 h with 350 mA (0.05 mA/umz) at
125°C ambient temperature and 150°C joint temperature.

The proposed structure is implemented on a (non-active) oxidized Si wafer. Cu
interconnect lines of 5-um thickness are deposited by electroplating in a resist
pattern on a Ti/Cu seed layer. After removal of resist and etching the seed layer, a
5-um BCB (benzo-cyclo-butene) passivation layer is applied on top of the Cu
structures. The bump contact pad UBM is deposited, and a BCB ring is applied as
insulating ring in order to prevent wetting amongst the pads and avoid current
leakage. A top view picture of this stage of the processing is shown in Fig. 7.10
(left). Next, the solder material is deposited and reflowed. Visual inspection and
X-ray investigation is used in order to confirm good wetting on the central and the
C-shaped side pad. The opposite side of the cross-linked bump is processed in an
identical way.

The remaining of the die surface is filled with dummy bumps with a standard
circular footprint of 90 pm diameter. Most of the bumps are placed for mechanical
reasons but some of them are connected with contact pads and can be used for
4-point measurements. These bumps are considered as thermal reference bumps
for measuring the resistance change by thermal stress only.

7.4.2 Electrical Measurements for Cu—Sn—Cu Interconnections

Three test chips are tested until one flip chip connection failed after 560 h at
150°C. After stopping the test, the samples are cross-sectioned for microstructural
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Fig. 7.11 Electrical 4-point 20
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Sn—Cu joints stressed with an
electromigration current of
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analysis. The resistance measurements of both the top and bottom interface and the
total bump interconnection are shown in Fig. 7.11.

The initial resistance value is around 10 mOhm for the total bump connection
and 5 mOhm for each interface separately (cathodic and anodic interface). While
the cathodic interface shows a gradual resistance rise until failure, the anodic
interface shows hardly any change. When the average time to a 5% resistance
increase is used as measure for comparison, a large time difference is obtained
when comparing the cathodic interface (5% increase is reached after 100 h) with
the anodic interface (reached after 300 h). This difference can be attributed to the
microstructural changes detected at anode and cathode and are described in the
next paragraph.
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7.4.3 MicroStructural Inspection for Cu—-Sn—Cu
Interconnections

Figure 7.12 (right) shows a cross section of a thermal reference bump. The black
spots on the image are defects due to sample preparation. Pieces of Si break-off
during grinding and get stuck in the soft solder material. These defects are
observed on most of the following cross sections. A symmetrical Cu consumption
is seen when comparing the top and bottom Cu UBM metallization. After 560 h at
150°C, the 5 um Cu UBM is almost completely consumed and transformed into
Cu3Sn and CugSns. The Cu interconnect pads are not affected yet. A little amount
of spalled intermetallics is seen in the bulk solder. This amount of intermetallic
formation is more than what should be formed by thermal ageing only. Based on
the formed intermetallic thickness of the thermal reference bumps and making use
of the diffusion parameters for Cu—Sn interdiffusion [21], the total average tem-
perature of the package would have been 155°C. Joule heating in the electromi-
gration test structures caused a temperature rise of the whole package.

A cross section of an electromigration bump is shown in Fig. 7.12 (left). The
black spots are again caused by sample preparation. In this case, a clear asym-
metrical Cu consumption is detected. A larger magnification of the central bump
interfaces is shown in Fig. 7.13 for the cathodic interface (left) and for the anodic
interface (right). For the cathodic interface, besides the 5 pm Cu UBM, also the
5 pm Cu interconnect pad is consumed. The anodic interface shows almost 5 pm
Cu UBM consumption and no consumption of the Cu interconnect pad. Opposite
to these observations, the amount of Cu-Sn intermetallic formation is smaller at
the cathode than at the anode. Despite the more extensive Cu consumption, a
limited amount of intermetallics, more particularly CugSns, is formed at the
cathode. This contradiction can only be explained by Cu migration. The CuzSn
intermetallic is not detected at the cathodic interface what points out a restricted
amount of available Cu. At the anode side, the behaviour is similar to the thermal

Cathode

Z8/NOU

Fig. 7.12 Cross section of central part of cross-linked bump with cathode at the bottom and
anode at the fop interface (left), thermal reference bump (right)
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Fig. 7.13 Cathodic interface (left) and anodic interface (right) of cross-linked bump

reference bump: 5 pm Cu is transformed into 4.5 pm Cu;3Sn and 5.5 pm CugSns.
In the bulk solder, large areas of spalled intermetallics can be observed suggesting
excessive Cu dissolution leading to precipitation once the solubility limit is
reached.

When the electrical measurements and cross section inspections are put side by
side, one can see that the growth of an intermetallic layer does not affect the
resistance. This is concluded from the resistance monitoring of the anodic inter-
face: although significant growth of the intermetallic layer exists, no change of
resistance is seen for at least 2 out of 3 test samples. The third sample shows a
gradual resistance decrease which is believed to be caused by annealing effects.
For the cathodic interface, a gradual increase in resistance is noticed for all
samples. When compared with the microstructural changes, this increase can be
related to the consumption of the metal interconnect pad and some void formation
in the remaining intermetallic layer.

7.4.4 Electrical Measurements for Cu/Ni/Au—-Sn—-Cu/Ni/Au
Interconnections

A similar behaviour as with the Cu—Sn—Cu sample is seen for a Cu/Ni/Au UBM
joint. Electrical measurements show a gradual increase in the resistance value of
the cathodic interface, while the anodic interface is characterized by a constant
resistance value until sudden failure. In fact, the resistance increase in the anodic
interface has no physical meaning since it only occurs after failure of the cathodic
interface which ends the measurement. It can therefore not be considered as a
failed interface. In case of an identical bond pad metallization at the cathode and at
the anode, degradation and failure of the flip chip bump occurs at the cathodic
interface.
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7.4.5 MicroStructural Inspection for Cu/Ni/Au-Sn—Cu/Ni/Au
Interconnections

The differences in electrical behaviour between the cathodic and anodic interface
can again be ascribed to microstructural changes. A faster UBM consumption is
noticed at the cathodic interface: after 2,032 h, the 3/2/0.15 um Cu/Ni/Au UBM as
well as the 5 pm Cu interconnect track underneath is consumed (Fig. 7.14). At the
anodic interface, only part of the UBM is consumed and the formed intermetallic is
based on the (Cu,Ni,Au)sSns stoichiometry. Despite the larger amount of cathodic
metal consumption, the formed amount of intermetallics is comparable with the
anodic side. This suggests metal movement from cathode to anode. Additional
evidence of asymmetrical metal migration is the presence of voids between the
intermetallic layer and solder material at the cathodic interface. Also large areas of
spalled intermetallics are found in the solder material (Fig. 7.15, left), which is not
seen with the thermal reference bumps (Fig. 7.15, right). Due to extensive metal
migration between cathode and anode, the solubility limit is reached and

Cu/NilAu Cu/Ni/Au
A

Cu/NilAu

Fig. 7.14 Cross section of central part of Cu/Ni/Au—Sn—Cu/Ni/Au cross-linked bump with
cathode at the bottom and anode at the top interface (left), thermal reference bump (right)

e

Cathode T

Z8kuy ¥1, €888 18 mm

Fig. 7.15 Cu/Ni/Au cathodic interface (left) and anodic interface (right) of cross-linked bump
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intermetallic precipitation occurs. The crack seen at the anodic interface is caused
by a polishing defect. A symmetrical UBM consumption is seen when comparing
the top and bottom of a thermal reference bump.

Again, growth of the intermetallic phase does not influence the interface resis-
tance which can be concluded from both the resistance monitoring of the anodic
interface as from the monitoring of the thermal reference sample. Consuming the
metal interconnection pad and the formation of occasional voids in between the
solder and the intermetallic interface, results in a gradual resistance increase.

7.5 Conclusions

As general guideline, one can use Black’s equation for the lifetime prediction of
solder flip chip bumps stressed under electromigration. It has shown to be useful
for comparing different material combinations or geometries. Due to the com-
plexity and dynamic nature of the solder microstructure, different mechanisms can
be involved during the electromigration process. It is therefore likely to find dif-
ferent activation energy values for largely deviating testing conditions. One should
be cautious when extrapolating lifetimes to user conditions and confirm having
similar failure mechanisms.

Both single bump structures and daisy chains can be used for performing
electromigration experiments on flip chip bumps. In either case, the resistance
monitoring during testing should be accurately measured by a Kelvin structure.
A novel test structure is proposed and tested [19] which allows the separate
measurement of the cathodic and anodic interface. Since electromigration results
in an asymmetrical response, the resistance behaviour is expected to be different at
the different interfaces. The cathodic interface of the solder joint (entrance of
electrons) is shown to be the most critical part of the solder joint, and the measured
resistance rise corresponds to cathodic UBM consumption, sometimes combined
with void formation.

Performing electromigration experiments on flip chip joints requires careful
design of the test structure, the packaging and the test equipment. It is shown that
Joule heating can lead to a dramatic temperature increase which not only can lead
to a significantly higher testing temperature than originally aimed for, it can also
destroy other test sample parts before electromigration has taken place in the
solder joint itself (for instance packaging failure) or it can complicate the post-
mortem failure analysis by masking the actual failure mechanism (for instance by
melting of the solder).
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Chapter 8

Impact of Black Pad and Intermetallic
Layers on the Risk for Fractures in Solder
Joints to Electroless Nickel/Immersion Gold

P.-E. Tegehall

8.1 Introduction

When frequent fractures were observed in solder joints to ball grid array (BGA)
components in the late nineties, these were first associated with a plating defect in
electroless nickel/immersion gold (ENIG) finishes called “black pad”. The incli-
nation for fractures is then caused by a poorly developed intermetallic layer on
solder lands affected by the black pad defect. Later, it has been realised that
fractures to ENIG finishes may occur even when a proper intermetallic layer is
formed. The fractures then occur as fractures in the intermetallic layer or between
two intermetallic phases in the intermetallic layer. However, it may often be
difficult to determine whether a fracture to an ENIG surface is caused by the black
pad defect or by a fracture in the intermetallic layer. Since the two failure
mechanisms cannot be completely separated from each other, both will be
described. The characteristics of fractures due to the black pad defect and the
mechanisms causing black pad defects will first be discussed. The mechanism for
fractures in the intermetallic layer will then be discussed.

8.2 Failure Mechanisms
8.2.1 Fractures Due to “Black Pad” Defects

The defect “black pad” on an ENIG finish was first reported in 1990 for flip chips
soldered to electroless nickel/immersion gold-coated substrate pads [1]. When the flip
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chips were soldered to the substrate pads, dewetting of the nickel surfaces was
observed. Since the exposed nickel surfaces had a dark grey to black appearance, the
defect was referred to as the “black pad” condition. It was determined that the dark
colour was due to Ni;P present on the nickel surface and it was concluded that it was
this phase that caused the dewetting. Therefore, it was initially believed that the black
pad defect was caused by the phosphorus content in the electroless nickel and that a
remedy would be to decrease the phosphorus content. However, most investigations
that later have been performed indicate that a decrease in the phosphorus content rather
increases the risk for the black pad defect [2—4]. In fact, Cordes and Huemoeller
obtained very poor shear strength for solder joints to surfaces with immersion gold on
electrolytic nickel, i.e. a phosphorus-free nickel, but also excellent shear strength of
solder joints to surfaces with electrolytic gold on electroless nickel [3]. These results
indicate that the enrichment of phosphorus on the nickel surfaces is not the cause of the
increased risk for solder joint failures. Instead, the enrichment is a consequence of the
mechanism causing the increased risk for failures.

Very large efforts have been made to understand what causes the black pad
defect and how to prevent it. Although the frequency of the black pad defect has
been reduced due to various actions performed, black pad defects still occurs and
there are differing opinions of what causes it and how it should be prevented.

The known characteristics of the black pad defect give important clues to the
mechanisms causing the defect but also for identifying when a fracture is due to
the black pad defect. The most typical characteristics are as follows:

poorly developed and/or locally missing intermetallic layer in the solder joints

corrosion damages of the electroless nickel plating beneath the gold coating

a layer with enriched phosphorus beneath the gold coating

a gold coating that is slightly thicker than normal

a thin layer of nickel oxide on top of the gold coating

an increased risk for the black pad defect when the phosphorus content is

decreased in the electroless nickel

e plating of immersion gold on electrolytic nickel may cause a similar effect
(although the fractured surfaces are then not black) but not plating of electrolytic
or autocatalytic gold on electroless nickel

e black pad defects are often located to certain solder pads on a specific board
design and

e black pad defects occur mainly on boards coated with solder masks

By understanding the chemistry of the plating reactions, all these characteristics
and the mechanism causing the black pad defect can be explained.

8.2.1.1 Chemistry of Metal Plating

The plating process of a metal can be divided into two reactions, one cathodic and
one anodic reaction. The metal is deposited by the cathodic reaction in which
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metal ions dissolved in the plating bath are reduced to metal on the surface to be
plated. The reaction can be written:

Me(1)" +ne” — Me(1) (8.1)

The anodic reaction may vary. It may be a reversed cathodic reaction:

Me(2) — Me(2)" +ne” (8.2)

where Me(2) may be the same metal as Me(l) or it may be another metal.
The anodic reaction may, for example, also be oxidation of water:

2H,0 — O, + 4H" + 4™ (8.3)

At electrolytic plating, the plating is achieved by applying a voltage between
the surface to be plated (cathode) and a counter electrode (anode). Since the
applied voltage is the driving force for the plating process, the plating rate is
mainly determined by its magnitude. The quality of the plating is to a part
determined by the applied voltage but primarily by various compounds added to
the plating bath. Some added compounds directly affect the plating reactions,
whereas others more indirectly affect them. Examples of the latter type are salts
that are added to increase the electric conductivity and buffer systems that are
added to stabilise the pH. Additives that directly affect the plating reactions are
compounds that form strong complexes with the metal ions and/or are co-deposited
in the plating. Compounds that form strong complexes with metal ions are often
negatively charged inorganic or organic ions, for example halides, cyanide and
organic acids, but may also be non-charged organic compounds, for examples
amines. Other metal ions may also be added to be co-deposited in the plating. The
additives affect the crystal structure of the deposit and are divided into groups
depending on the dominating effect. Brighteners give a more mirror-like surface,
grain refiners give a more fine-grained structure and stress reducers reduce the
stress in the plating.

Plating may also be achieved by non-electrolytic plating, i.e. without an applied
voltage. The most common process is autocatalytic plating or electroless plating
as it is also called. The plating is then achieved by adding a reducing agent to the
plating bath. The reaction can be written:

Me™" + Red — Me + Ox (8.4)

where Red is the reducing agent and Ox the oxidised form. In an autocatalytic
process, the deposit metal catalyses the reaction and it will continue as long as the
metal surface is exposed to the solution. Common reducing agents are hypo-
phosphite, formaldehyde, borohydride, hydrazine and thiourea. Plating processes
for electroless (autocatalytic) nickel use almost exclusively hypophosphite as
reducing agent. The reaction when hypophosphite is used is very complex but it
can be simplified and written as: [5]
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Ni** + H,PO, + H,0 — Ni + H,PO; +2H" (8.5)
In addition, the following reaction occurs simultaneously:
3H,PO, — H,PO; +H,O +20H™ + 2P (8.6)

As a result of the latter reaction, phosphorus is co-deposited in the nickel coating.
The phosphorus content may vary from 1 to 13 wt%.

The plating rate of an autocatalytic process, which is determined by the tem-
perature and composition of the plating bath, is essentially constant as long as the
plating conditions do not change.

Another non-electrolytic plating process is immersion plating, which is caused
by a galvanic displacement reaction. When the substrate metal is less “noble” than
the plating metal, the uppermost metal layer of the substrate metal may be
substituted with the plating metal. A well-known example is immersion plating of
copper on iron in an acidified copper sulphate solution:

Fe + Cu®" — Fe*™ + Cu (8.7)

The total reaction is the same as occurs when copper is electroplated with a
counter electrode made of iron. The main differences are that during immersion
plating, it is the difference in electrochemical potential (galvanic cell) for the two
metals that is the driving force for the reaction and that anodic and cathodic
reactions occur on the same surface.

Although immersion plating can be achieved with many combinations of
substrate and plating metals, the depositions are usually porous and have poor
adhesion as the example with immersion plating of copper on iron. There are two
reasons for this. First, since the plating is achieved through a displacement reac-
tion, the dissolution of the substrate metal under the plated metal may lead to that
the latter lose adhesion. Second, and perhaps most important, the deposition rate is
basically determined by the difference in electrochemical potential for the sub-
strate and the plated metal (difference in nobility) and thus is difficult to control. If
the difference in electrochemical potential is large, the initial plating rate will be
too high to get a well-structured and adherent metal coating. In fact, it is often
necessary to perform a strike plating during electrolytic plating in order to prevent
that an initial immersion plating ruins the adhesion of the electroplated coating.
The strike plating is performed in a bath with low activity of the plated metal (low
concentration of the metal and high concentration of complexing agents) to
diminish immersion plating. Therefore, good adhesion of immersion platings can
usually only be achieved if the difference in electrochemical potential is small.

The electrochemical potential of the substrate and plating metals can to some
extent be affected by the addition of complexing agents to the bath and, by this
means, the plating rate can be affected. Compounds that form strong complexes with
the plated metal will reduce the activity of the plating metal which will decrease the
plating rate, whereas compounds that form strong complexes with the substrate
metal will enhance the dissolution of it and thereby increase the plating rate.
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Nevertheless, it is a difficult balance act to optimise the bath composition.
When the displacement reaction starts, the plated metal will be deposited as small
islands on the substrate metal. These islands will be cathodic surfaces, whereas the
rest of the substrate metal will be anodic surfaces. That is, initially, the anodic
surfaces will be much larger than the cathodic surfaces. As more and more of the
surface is coated with the plating metal, the cathodic areas increase in size and at
the end of the process, they are much larger than the anodic areas. As a conse-
quence, the plating rate per unit area at the cathodic surfaces will decrease with
time since the amount of metal reduced at the cathodic areas must balance the
amount of metal oxidised at the anodic areas. This also means that the oxidation
rate per unit area at anodic surfaces will increase as more of the area is coated with
the plated metal and may finally become very high.

Ideally, an immersion plating process will lead to a completely coated substrate
metal and, in contrast to autocatalytic plating, the plating process will cease by
itself when the coating is completely covering. In reality, it is difficult to achieve a
completely coated surface. If the electrochemical potentials are balanced to give a
low initial plating rate, the coating may become very thin and it will be difficult to
achieve complete coverage. On the other hand, if the initial plating rate is too fast,
the coating may become porous. Since the anodic reaction is an etching process
and the plated metal will function as an etch resist, a porous coating and an
aggressive plating solution may lead to over-etching. The effect will be that the
surface of non-coated substrate metal will reach a minimum and then increase
again when over-etching exposes new surfaces beneath the plated metal layer. The
best solution to avoid this type of over-etching would probably be to perform a sort
of strike plating. That is, start the plating in a bath balanced to give slow initial
plating in order to get a low-porous layer and then continue in a bath balanced to
give faster plating reactions to get a high final coverage.

8.2.1.2 Immersion Gold Plating on Electroless Nickel

Usually, there is a large difference in the electrochemical potentials for gold and
nickel. Thus, it is difficult to get good adhesion of immersion gold on nickel.
However, electroless nickel offers a possibility to decrease the plating rate of
immersion gold since the reactivity of electroless nickel is very much affected by
the phosphorus content; the higher the phosphorus content, the lower the reactivity
of the nickel coating.

Cordes and Huemoeller have examined how the deposition rate of gold and the
adhesion of the gold deposit were affected by the phosphorus content in the elec-
troless nickel [3]. They found a clear correlation between the phosphorus content and
the deposition rate; the higher the phosphorus content, the lower the deposition rate
(see Table 8.1). It was not described how the deposition rate was determined but
obviously it must have been measured as the average value of deposition rate for a
defined time period. The initial deposition rates were probably much higher. The
adhesion of the gold layers was tested by a tape test. Again, they found a clear
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Table 8.1 Effect of nickel composition on the deposition rate and adhesion of the gold deposit [3]

Phosphorus content (%) Deposition rate (um/min) Adhesion—tape test (% peeling)
0 (electrolytic Ni) 0.025 75

3 0.019 5-10

5 0.015 12

7 0.010 0

9 0.005 0

correlation; the higher the deposition rate, the poorer the adhesion. Poor adhesion
indicates that over-etching beneath the gold layer has occurred. The effect of the
phosphorus content on the shear strength of reflowed solder balls was also investi-
gated. Concurrently with the decreased adhesion of the gold layer when the phos-
phorus content was decreased, the shear strength of reflowed solder balls degraded.

It can be noted that the deposition rate was highest on electrolytic nickel, i.e. a
nickel coating containing no phosphorus. The adhesion of the gold layer was also
worse to the electrolytic nickel and the shear strength of reflowed solder balls to
this coating was very poor. On the other hand, excellent ball shear results were
obtained for samples with electrolytic gold on electroless nickel [5]. These results
clearly show that it is not the phosphorus in the nickel coating that is the cause of
the black pad defect.

On electrolytic nickel, over-etching beneath the gold coating may degrade the
solderability in several ways. Exposed nickel surfaces will be oxidised. Residues
from the plating bath may be trapped beneath the gold coating. These residues will
make it difficult to wet the surface by a solder. They may also contribute to more
extensive oxidation of the exposed nickel surfaces. Corrosion products may also
migrate through the porous gold coating and deposit on top of the gold surface.
McFaddin has reported that, by using low-vacuum scanning electron microscope
(LVSEM) and energy-dispersive X-ray spectroscopy (EDS) with a low electron
beam voltage, a very thin film of nickel oxide often can be detected on top of the
gold layer on surfaces affected by the black pad defect [6]. If this film is thick
enough, it may prevent wetting the gold layer by solder. However, it is usually no
problem to wet the gold layer on surfaces affected by the black pad defect. Thus,
this film is normally too thin for preventing wetting. It is residues and corrosion
products beneath the gold layer that hinder good wetting on electrolytic nickel.
However, the thin nickel oxide film offers an opportunity to non-destructively
detect surfaces affected by the black pad defect.

On electroless nickel, the dissolution of nickel during the immersion plating
causes an enrichment of phosphorus at the surface. Chan et al. have reported that
phosphorus is enriched in the uppermost 150 A of the nickel layer when
0.7-0.8 pm immersion gold is deposited on electroless nickel with 8-10 wt%
phosphorus [4]. The phosphorus content in the enriched layer was maximum 20
wt%. This is in agreement with the results from other investigations that have
shown that the phosphorus content in the enriched layer is usually 2-3.5 times
higher than in the electroless nickel [4, 7-10].



8 Impact of Black Pad and Intermetallic Layers 185

The enrichment of phosphorus has a negligible effect on the wettability of the
nickel surface in a soldering process. However, when the black pad defect occurs,
extensive etching of the nickel may take place leading to a much thicker layer with
enriched phosphorus. This increase in thickness of the layer with enriched phos-
phorus may be the reason for the difficulties to properly wet surfaces with black
pad defects. However, entrapped bath residues and the oxidation of exposed nickel
surfaces are probably the main reasons. This is supported by the finding of higher
oxygen content associated with black pad regions [11].

An autocatalytic nickel coating consists of nickel nodules that have been
growing upward from the underlying copper surface. The nodules can be described
as closely packed columns. Microsections of solder pads with the black pad defect
often show gold spikes that penetrate downward from the surface along the nickel
nodule boundaries [7, 9, 10, 12]. The gold spikes are associated with corrosion
damages that can be seen as dark spikes that penetrate even deeper along the nickel
nodule boundaries than the gold spikes. In worst case, they may penetrate through
the nickel coating down to the underlying copper. This type of corrosion damages
is probably caused by crevices present between some nickel nodules prior to the
coating with immersion gold [13]. The bath solution that fills a crevice will not
contain enough gold ions to completely coat the sides of the nickel nodules. When
the solution has been depleted with gold ions, the non-coated surfaces will be
anodic surfaces through the remainder of the plating time. This type of corrosion
damages can probably only be prevented by assuring that there are no crevices
between the nickel nodules. That can be achieved by a slow rate of nickel
deposition which reduces the sizes of the crevices [13]. It can also be achieved by
increasing the phosphorus content in the nickel. According to Lamprecht et al., a
smoother surface without crevices between the nickel nodules is achieved if the
phosphorus content is increased to 11.2 wt% [14]. The extent of the corrosion
damages during immersion gold coating will also be affected by the plating time
and by the chemistry of the plating bath.

In other cases, corrosion of the nickel is observed as a more or less continuous
black band beneath the gold coating [7, 9]. The black band may be confined to a
few nodules or cover a large area of the pad and have a thickness of 1 um. When
the gold layer is stripped away from areas with a thick dark band, the nickel
surface has an appearance of cracked mud. If a cross section is made using FIB,
many very narrow voids perpendicular to the surface can be observed in the black
band [7]. This type of corrosion damages is probably caused by a porous gold
deposit, i.e. a too fast initial gold deposition rate. To prevent this type of corrosion
damages, the chemistry of the immersion gold bath must be balanced to give the
optimum plating rate with respect to the reactivity of the electroless nickel coating.
As discussed previously, it is probably easier to balance an immersion gold bath
for electroless nickel if the phosphorus content is high. Eslambolchi et al. noted a
correlation between phosphorus content and immersion gold thickness where
higher phosphorus content led to a thinner gold layer [2]. A thinner gold layer
indicates that it is less porous.
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Obviously, it is possible to balance an immersion gold process for electroless
nickel coatings with different phosphorus content. Thus, it is only possible to
specify optimal phosphorus content in the electroless nickel for a defined gold-
plating bath. If the chemistry of the immersion gold bath is changed, the optimal
phosphorus content in the electroless nickel may also be changed. Furthermore, a
changed reactivity of the plating bath or of the electroless nickel with time may put
the balance out of order. Whereas it was previously recommended that the
phosphorus content was in the range 6—10 wt% [3, 4, 15], it has during the last
years been recommended to increase the phosphorus content to 9.5-13 wt%
[8, 14]. According to Johal et al., the maximum thickness of the gold layer that can
be achieved on high-phosphorus electroless nickel is 0.06 pm [14].

In contrast to the findings by most others, Roepsch et al. have reported that they
found an increased risk for the black pad defect with increasing phosphorus
content in the electroless nickel [11]. In their investigation, they compared samples
from different batches from various printed circuit board manufactures. That is, the
phosphorus content was not purposely varied in the samples. The phosphorus
content in electroless nickel normally increases with the number of metal turn over
(MTO) in the plating bath but also the reactivity of the nickel increases with the
number of MTO [5, 16]. Thus, increased phosphorus content in the samples may
have been due to that they have been plated in baths with a high MTO, which has
caused a higher reactivity of the nickel. This may explain the correlation between
increased risk for the black pad defect and a high phosphorus content.

Various compounds are added to the electroless nickel bath. They have a
number of functions, for example to stabilise the bath against spontaneous nickel
reduction and to control the quality of the plating at edges [5, 13, 15]. The main
stabilisers used are sulphur-containing compounds and lead [12]. Although they
are added to concentrations of only 0.5-1.0 ppm, they have a significant impact on
the plating rate and the properties of the plated nickel coating including the
phosphorus content. Even an increase in the concentration of the sulphur com-
pound from 0.3 to 1.0 ppm will cause a decrease in the phosphorus content and,
more important, a considerable increase in the reactivity of the nickel. Also an
increase in the lead concentration will increase the reactivity of the nickel but the
effect is not as large as it is for the sulphur compound. Thus, it is very important to
assure a constant concentration of the stabilisers in order to have control of the
reactivity of the nickel coating.

According to Crouse and Cullen, solder masks may leach sulphur-containing
compounds (photo-initiators) that have the same effect as the stabilisers added to
nickel baths [12]. By soaking a solder mask in deionised water and then using this
water for making up an electroless nickel bath, they could prove that the solder
mask leached substances that caused increased plating rate and increased reactivity
of the nickel coating and even caused black pad defects when it was followed by
immersion gold plating. Solder masks are often intentionally under-cured when
applied to PCBs in order to increase the pliability and reduce the risk that they
crack or detach during ENIG processing. Under-curing makes it easier for com-
pounds to leach out. Crouse and Cullen showed that the impact of contaminants
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leaching from solder masks could be reduced by additional curing and by more
effective cleaning of them. Since the black pad defect has been reported to occur
mainly on solder mask-coated PCBs [12], leaching of sulphur compounds from the
solder mask is probably one of the major causes of black pad defects. The fact that
black pad defects tend to appear more frequently and more severely at the corners
and edges of pads versus the centre of the pad [11] supports this conclusion.

The black pad defect is often stated to be due to a hyperactive corrosive
immersion gold process [4, 7, 8]. A too high temperature of the gold bath or a too
high gold concentration can cause a too aggressive attack [13]. It can be noted that
when the black pad defect was first observed, the problem was dissolved by
increasing the thickness of the gold layer [1]. Thereafter, the ceramic substrate was
heat treated at 600-650°C to convert the gold coating into an alloy region with
nickel which eliminated the black pad defect. The thicker gold coating was
achieved by using a loosely complexed gold bath, i.e. a more aggressive bath.

However, in most cases, it is probably not an increased activity of the gold-
plating bath but an increased reactivity of the nickel surface that causes the
excessive corrosion. It is difficult to maintain constant phosphorus content in
electroless nickel. The phosphorus content is affected not only by additives to the
bath but also by temperature, pH, MTO and loading factor [2]. Even if the
phosphorus content is kept constant, the reactivity of the nickel may vary signif-
icantly as discussed. Hence, it may be necessary to regularly check the reactivity
of the nickel to assure that the immersion gold process will not cause a too fast
plating rate. This may be done by testing the corrosivity of the nickel coating. One
method used is to measure the weight loss after immersion in concentrated nitric
acid for 30-60 s [12]. Another method is to measure the time it takes before the
nickel surface turns black when it is dipped in nitric acid [16].

To achieve an even gold coating, it is important that the nickel surface is clean
and has a minimum of oxides. Since nickel oxidises very fast, it is not possible to
have an oxide-free nickel surface but the time between nickel and gold plating
should be kept at a minimum. Chan et al. has shown that the number of corrosion
defects increases with increasing hold time between electroless nickel and post-
rinse steps [4]. Contamination and oxide layers may cause poor adhesion of the
gold layer and that it becomes porous. However, it may cause poor quality of the
coating also in a more indirect way. Contamination and oxide layers with uneven
thickness on the nickel surface may affect the chemical potential of the surface
leading to that some areas will be predominantly cathodic areas and other areas
will be predominantly anodic areas during the gold-plating process. Areas that
become predominantly anodic areas will be more extensively corroded during the
plating process and more likely to show black pad defects.

A similar effect may be seen if areas located at different parts of a PCB are
electrically connected to each other and especially if they have different sizes.
Due to variation in bath agitation and consumption of bath chemicals, or tem-
perature gradients on PCBs having a large thermal mass, a potential difference
may arise between the areas that causes one area to become predominantly
cathodic and the other predominantly anodic. This is probably the reason why
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black pad defects do not occur randomly but is often localised to specific pads on
a PCB [7]. Surfaces affected by the black pad defect are often connected to larger
surfaces not affected by the black pad defect [17] and usually they are found on
boards with complex circuitry [12]. The fact that black pad defects appears to
occur more frequently on finer pitched parts with smaller pads than on larger pads
[18] may also be caused by leakage from the solder mask which could have a
larger influence on a small pad.

Since the plating process never ceases by itself when black pad defects occur,
the gold coating on areas with corroded nickel is often thicker than normal [2, 7, 9, 19],
typically about twice as thick as normal [11]. This increase in gold thickness is not
large enough to be used as an indication of black pad defects. By interrupting the
gold-plating process before the surface is completely covered with gold, the extent
of eventual black pad defects can probably be reduced. This is a method that is
used but the gold coating will then likely have less protective properties [5].

8.2.1.3 Effect of Black Pad Defects on the Reliability of Solder Joints

In cases of severe black pad defects, wetting will not occur to the nickel surface
during soldering. Initially, the solder wets the gold surface but when the gold has
been dissolved in the solder, dewetting will occur on parts of the solder pad or, in
worst case, on the whole pad. Rework of the solder joint fails since it is not
possible to wet the surface unless the surface is mechanically abraded. However, in
most cases with black pad defects, solder wets the nickel surface and the solder
joints look completely normal when visually inspected [2]. The defect will then
not be discovered until a failure occurs which may happen when the assembly is
exposed to stress. A fracture will then take place between the intermetallic layer
and the nickel surface. Little to no remaining Ni—Sn intermetallic phases are
observed on the nickel surface [2, 7, 8].

When a solder joint with the black pad defect is micro-sectioned, it is often
observed that the intermetallic layer is poorly developed and is missing at areas
with corrosion damages in the nickel, but this is not always observed. The presence
of corrosion damages in the form of a rather thick “black band” at the nickel
surface is a strong indication of a black pad defect. Corrosion damages of the
nickel in the form of spikes between nickel nodules are also a clear indication of
the black pad defect but according to Chan et al., there is no evidence that such
spikes have any effect on solder joint strength [4]. Corrosion damages in the form
of a band at the surface are much more detrimental than corrosion spikes since it
will result in poor wetting of a larger area. Though, if corrosion spikes extend
down to the copper, copper may be dissolved in the solder and intermetallic phases
with copper will be formed. According to Champaign et al., these copper-con-
taining intermetallics create a brittle zone and the corrosion spikes act as stress
risers assisting in the formation of cracks [10].
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8.2.2 Brittle Failures in Intermetallic Layers

It has been recognised that also a second failure mode may cause fractures to
ENIG [20, 21]. According to IPC’s standard IPC-7095A, Design and Assembly of
Process Implementation for BGAs, interfacial fracture may happen between the
nickel surface and the nickel-tin intermetallic layer under a high level of both
applied strain and strain rate even if hyperactive corrosion does not take place [20].
However, for properly formed solder joints, it may be difficult to clearly distin-
guish this failure mechanism from that caused by black pad defects and it is likely
that the two failure mechanisms interact.

Since these fractures have appearances of brittle fractures, they are often referred
to as brittle fractures. In some cases, they are true brittle fractures but in other cases,
they are rather interfacial fractures between two layers with different compositions.

According to Sohn et al. [22] and Mattila and Kivilahti [23], the interfacial
cracking in solder joints on electroless nickel not having a black pad defect occurs
in a very thin Ni-Sn—P layer formed on top of the layer with enriched phosphorus.
That is, for both failure mechanisms, the fracture occurs between the Ni—Sn
intermetallic layer and the layer with enriched phosphorus on the nickel surface.
Thus, very little Ni-Sn intermetallic phases will remain on the nickel surface in
both cases.

Neither is the presence of a nickel layer with enriched phosphorus a clear
indication of a black pad defect. The formation of an intermetallic layer on
electroless nickel during soldering causes a selective solution of nickel atoms
leading to an enrichment of phosphorus in the remaining nickel, just as black pad
defects do. Furthermore, immersion gold plating inevitably leads to the formation
of a layer with enriched phosphorus although it may be less than 20-nm thick
under optimal conditions [4]. Thus, wetting during soldering must always occur to
a nickel surface with enriched phosphorus. Hence, the formation of a nickel sur-
face with enriched phosphorus as such does not seem to cause a non-wettable
surface. Most probably, it is the over-etching beneath the gold layer leading to
entrapment of bath residues and exposure of the nickel surface to oxidation that
causes the surface to become non-wettable. The finding by Cordes and Huemoeller
that immersion gold plating of electrolytic coating resulted in solder joints with
very poor shear strength is hard to explain in any other way [3]. Since the function
of the gold layer is to preserve the solderability by preventing oxidation of the
nickel surface, over-etching will reduce that function.

The composition of the phosphorus-enriched layer formed during soldering is
usually specified to be Ni3;P which corresponds to a phosphorus concentration of
15 wt%. In comparison, the phosphorus content in the enriched layer formed
during immersion gold plating is normally specified to be between 10 and 20 wt%,
i.e. in the same order. Hence, the properties of the phosphorus-enriched layer are
probably very similar regardless of how it was formed.

Whereas there seems to be consensus that electroless nickel with high phos-
phorus content is to be preferred in order to minimise the risk for black pad
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defects, there are different opinions how a high phosphorus content affects the
reliability of the solder joints. According to Bulwitch et al. [8] and Lee [16], high-
phosphorus nickel increases the risk for brittle fractures caused by phosphorus
enrichment during soldering and subsequent thermal excursions. On the other
hand, Johal et al. have reported that high-phosphorus nickel not only decreases the
risk for the black pad defect but also improves the reliability of the solder joints
[14]. They tested how the phosphorus content affected the shear strength of Sn—
Ag—Cu balls before and after 1,000 temperature cycles between —55 and +125°C.
Before temperature cycling, shear tests of solder balls to nickel coatings with 8.0
and 11.2 wt% P gave consistent results with high values and little spread in shear
force, whereas solder balls to a nickel coating with 4.2 wt% P showed a wide
spread in shear force with considerably lower shear force for some solder balls.
After temperature cycling, also the solder balls to the nickel coating with 8.0 wt%
P gave a large spread in shear force, while the solder balls to the nickel coating
with 11.2 wt% P still showed high values and little spread in shear force. When
examined using cross-sectioning, the fractures to the nickel coating with 8.0 wt% P
showed partial brittle fractures, whereas the fractures to the nickel coating with
11.2 wt% P showed ductile fractures. The structures of the intermetallic layers
were examined by stripping off the solder. The intermetallic layer on the nickel
coating with 8.0 wt% P had a structure that was courser and less dense compared
to the intermetallic layer on the nickel coating with 11.2 wt% P. They proposed
that the difference in structure was due to differing dissolution rate of nickel during
soldering and ageing. Less nickel should be dissolved from the more corrosion-
resistant high-phosphorus nickel.

As discussed previously, recently performed investigations indicate that frac-
tures on electroless nickel not affected by the black pad defect occur in a thin Ni—
Sn—P layer between the NizP and Ni-Sn intermetallic layers [22, 23]. In the
investigation done by Mattila and Kivilahti, a Sn—Ag—Cu solder was used to solder
chip scale packages (CSP) to ENIG and a porous microcrystalline or amorphous
thin Ni-Sn—P layer with the composition NissSnysP;y was formed between the
NizP layer and a layer of (Cu,Ni)¢Sns. Cracking occurred in the Ni-Sn—P layer
when the assembled CSPs were exposed to a drop test. Sohn et al. performed shear
testing of test vehicles with both Sn3.5Ag and Sn3.0Ag0.5Cu solder joints to
ENIG. In their study, brittle fractures only happened in the Ni-Sn—P layer for the
test vehicles soldered with the Sn3.5Ag solder. The Ni-Sn—P layer in this case was
formed between the Ni3P layer and a layer of Ni3Sny, it was nanocrystalline with
Kirkendall voids and had a composition of NizSnP. The reason why brittle
cracking only occurred for the Sn3.5Ag solder was claimed to be due to spalling of
the NizSny layer and thereby larger consumption of nickel during soldering. This
resulted in an increased growth of the Ni—Sn—P layer. The shear rate used for
testing was only 0.2 mm/min. A higher shear rate may have caused brittle fractures
also for the Sn3.0Ag0.5Cu solder joints.

Obviously, solder joints to electroless nickel are prone to brittle fractures
regardless if the intermetallic layer consists of Ni3Sny or (Cu,Ni)sSns. However,
the growth rate of the intermetallic layer and its thickness may be important for the
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brittleness of the solder joint. It will affect the thickness of the Ni-Sn—P layer and
probably the extent of voids in this layer. Thus, measures that would decrease the
dissolution rate of nickel during soldering ought to decrease the brittleness of the
solder joints. That may explain the finding by Johal et al. that high-phosphorus
nickel improves the resistance against brittle fractures. Consequently, if the con-
clusion is correct, it will mean that some enrichment of phosphorus in the nickel
surface during immersion gold plating may be beneficial for the reliability of the
solder joint since it will decrease the dissolution rate of the nickel. That is under
condition that proper wetting occurs to the nickel surface.

8.3 Test Methods for Detecting Black Pad Defects
and Assessing the Risk for Brittle Fractures

8.3.1 Detection of Black Pad Defects

The method using LVSEM and EDS with a low electron beam voltage to detect a
thin film of nickel oxide on top of the gold layer reported by McFaddin is a non-
destructive method that can be used to detect black pad defects on PCBs [6]. This
is a good indication of black pad defects. However, the size of the LVSEM
chamber will set a limit of the size of the PCBs that can be non-destructively
analysed.

A destructive but probably more reliable method to detect black pad defects on
PCBs is to dissolve the immersion gold layer using a cyanide strip and then
examine the nickel surface using SEM [7, 10, 15]. Areas with black pad defects
will then have a mud-cracked appearance with black regions around the nickel
nodules.

Another destructive method that can also be used for assembled boards is cross-
sectioning of the solder lands [6, 7, 9-11, 19]. Corrosion damages of the nickel
layer in the form of spikes and black bands can then be detected and for assembled
boards, poorly developed intermetallic layers, all indicators of black pad defects.

Another possibility is to expose assembled boards to environmental stress
screening (ESS). By performing ESS tests utilising fast temperature changes and/
or exposure to vibration, black pad defects can be stimulated to precipitate as
failures. Thereby, assemblies having black pad defects can be detected.

8.3.2 Tests for Assessing the Risk for Brittle Fractures
in Intermetallic Layers

If a test for assessing the risk for brittle fractures shall be adequate, there must be a
clear correlation between the results from such a test and failures occurring in field
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conditions. Too often, tests are used because they are easy to use, inexpensive and/
or give fast results, or just because they have been standardised, without consid-
ering whether they are relevant or not.

According to IPC-7095A, interfacial fracture happens on nickel surfaces under a
high level of both applied strain and strain rate [21]. Nevertheless, the brittleness of
solder joints is usually evaluated using shear and pull tests with low strain rate [14,
22,24-28]. A few investigations have been performed where the results from tests
with high strain and strain rate have been compared with results from traditional
shear and/or pull tests [29-35]. They have all shown that especially traditional shear
tests but also pull tests are not adequate for testing the risk for brittle fractures.

According to Sykes, a shear rate needs typically to be greater than 1 m/s and a
pull rate in excess of 0.5 m/s to test the resistance against brittle fractures [29].
Newman has presented results using equipment for high-speed shear and pull
testing [30]. Using the shear test, only at shear rates of 0.1 m/s or higher did
interfacial fractures occur. For Sn—Pb solder joints, interfacial fractures mainly
occurred to ENIG surfaces. A few interfacial fractures were observed to electro-
lytic Ni/Au at shear rates of 1 and 4 m/s but none to copper. A considerably higher
risk for brittle fractures to ENIG was observed when testing was performed within
2 days after reflow compared to testing after 1-6 months. Sn—Ag—Cu solder joints
had a significantly higher risk for brittle fractures at high-shear rate than Sn—Pb
solder joints. For the lead-free solder, interfacial fractures dominated to both
electrolytic Ni/Au and copper even at a shear rate of 0.1 m/s. No data were
presented for Sn—Ag—Cu solder joints to ENIG. Similar results were obtained
when performing pull tests except that interfacial fractures occurred at lower pull
rates. For Sn—Ag—Cu solder joints, brittle fractures occurred at a pull rate of
0.005 m/s when testing after 1-6 months.

8.3.3 Standards Developed for Assessing the Risk for Brittle
Fractures

JEDEC has developed a standard for drop testing of components for handheld
electronic products, JESD22-B111 [36]. For portable products, dropping to the
ground usually results in board bending. If a product with the assembly fixed in the
corners is dropped with the assembly in a horizontal position, the interconnection
stress due to board bending is 2 orders of magnitude higher than that due to accel-
eration according to Wong et al. [33]. For that reason, the JEDEC standard requires
that the test board be mounted on a base plate with the components facing down. The
board shall be fixed to the base plate in the four corners using 10-mm-long standoffs
to allow bending of the board. The base plate with the assembly is then dropped with
the assembly in a horizontal position.

In another JEDEC standard, JESD22-B110 [37], guidance is given for how to
simulate shipping- and handling-related shock of electronic subassemblies.
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IPC and JEDEC have developed a joint standard for characterising the fracture
strength of a component’s board-level interconnects when exposed to monotonic
bending [38]. The monotonic bend characterisation results provide a measure of
fracture resistance to flexural loading that may occur during conventional non-
cyclic board assembly and test operation. A four-point bend test is used to char-
acterise the fracture strength. Since storage conditions and storage duration affects
the fracture resistance, it is required that testing is performed minimum 8 h and
maximum 168 h after soldering.

In another standard developed by IPC and JEDEC, guidelines are given for how
to perform strain gage testing, and in order to assess the strain and strain rates, a
surface mount technology (SMT) package is subjected to during PCB assembly,
test and operation [39, 40]. Manufacturing steps that can cause strain-induced
failures and therefore may need to be characterised include:

e SMT assembly process: board depanelisation, all manual handling processes, all
rework and retouch processes, and connector and component installation.

e Board test processes: in-circuit test and board functional test.

e Mechanical assembly: heat sink assembly, board support/stiffener assembly,
system board integration, peripheral component interconnect or daughter card
installation and dual in-line memory module installation.

e Shipping environment.
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Chapter 9

Reliability of Electronic Assemblies Under
Mechanical Shock Loading

T. T. Mattila, T. Laurila, V. Vuorinen and J. K. Kivilahti

9.1 Introduction

Reliability of portable electronic devices is becoming an important factor of
success in the highly competitive global markets due to the fact that increasing
heat dissipation, current densities and mechanical loadings of power components
make electrical interconnections more vulnerable to failures. Portable electronic
products encounter diverse environments in ordinary daily use and therefore their
reliability should be studied with tests that simulate real-use strains and stresses as
realistically as possible. Portable electronic products are exposed to temperature
fluctuations due to either internally generated heat dissipation or the external
operational environment, but they are especially prone to failure due to mechanical
shock loads caused by accidental drops. These loadings are simulated with stan-
dardized reliability tests that also allow comparative studies of different material
combinations.

The usage of lead-free solders, components under bump metallizations (UBM)
or lead metallizations, and printed wiring board (PWB) protective coatings add to
the complexity of the interconnection metallurgies. The number of different
material combinations increased markedly as the traditionally used SnPb-based
solders and protective coatings were replaced with different lead-free alternatives.
Because microstructures significantly affect the reliability of soldered intercon-
nections, reliability of each material combination is likely to be different. For these
reasons, more extensive and comprehensive reliability testing of new products has
become ever more important.
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Because reliability of electronic assemblies is chiefly determined by the ability
of electrical interconnections to withstand various loadings during products’
operational lifetime, it is of primary importance to investigate systematically
metallurgical reactions in the effective joining region and the resulting micro-
structures within the solder interconnections. Lead-free solder interconnections can
contain more complex intermaterial layers such as phosphides, which can mark-
edly weaken solder interconnections. Moreover, the microstructures formed during
soldering are not stable and will evolve during the operation of products. Hence, in
order to ensure the best possible reliability of electronic assemblies against various
loading conditions, much better understanding of interconnections microstructures,
including interfacial reaction products, and their evolution is needed.

9.2 Effect Loading Rate on the Reliability of Solder
Interconnections

Portable electronic equipment experiences during their use many different kinds of
loading conditions, in which mechanical shocks and thermomechanical loadings
are perhaps the most critical ones. These two fundamentally different loading
conditions will evoke different failure mechanisms leading to dissimilar failure
modes. Under thermomechanical loading, nucleation and propagation of cracks are
controlled by the microstructures formed during soldering and their recrystalli-
zation behavior during use [1-5]. Mechanical shock impacts, on the other hand,
are known to produce entirely different kinds of failure modes [6—13]. Cracks in
the newly soldered interconnections do not propagate through the bulk solder of
the interconnections, but mainly in the brittle intermetallic compound layers
formed between solder and contact metallizations [4, 5, 7].

Several studies carried out with commercial portable electronic products have
shown that impact forces generated when products are dropped onto the ground are
transmitted through the product casing to the component boards and make the
boards bend and vibrate excessively. The results from product-level tests have
been used to develop board-level drop tests [14]. For example, JEDEC has pub-
lished the JESD22-B111 board-level drop test standard for handheld electronic
products.

The drop tester is composed of a mechanism to drop the board repeatedly in a
specified orientation and a high-speed data acquisition system to record deceler-
ation, strains on the component boards and the number of drops-to-failure. The
condition B of the JESD22-B111 standard defines the deceleration pulse that has
the shape of a half-sine with 0.5 ms width and the maximum at 1500 G. The shape
of the deceleration pulse is not only a function of the drop height but depends on
the characteristics of the strike surface: drop height determines the maximum
deceleration and strike surface the pulse width.

The standardized layout of the test board along with its dimensions is presented
in Fig. 9.1. The test board is attached horizontally on a fixture, and the components
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are facing downward during the test (Fig. 9.2b). The fixture is mounted on a sledge
that is dropped down on a rigid surface from a specified height in a controlled
manner with the help of guiding rails (see Fig. 9.2a). This is because the most
detrimental factor for the assembly caused by dropping is not the mechanical
shock itself, but the subsequent bending and vibration of the board [13, 15].
Placing the component boards horizontally achieves maximum flexure of the board
and onsets the natural vibrating motion. Bending causes displacement between the
board and the components resulting in component, interconnection, or board
failures. The drop test can be considered an accelerated test because the test
structure lacks the support provided by product casings and other adjacent struc-
tures and, therefore, during testing the test board experiences larger than real-use
bending amplitudes.

Since the component board is allowed to bend freely at the shock impact, there
are numerous different modes in which it can bend. The natural mode of the
component board describes the shape in which the board bends, and the natural
frequency describes how fast the bending takes place. Figure 9.3 shows three of
the most significant natural modes of the JESD22-B111 compliant test board and
their associated natural frequencies. Each of these natural modes vibrates at a
characteristic frequency, and the total bending and frequency of the component
board is their sum since the different natural modes act simultaneously. The shapes
of the natural modes depend on the support structure of the component board,
whereas the natural frequencies depend on the stiffness and mass of the component
board. The natural modes with highest frequencies are usually not of great
importance because their amplitude is relatively small and vibrations are attenu-
ated quickly. Only the lowest frequencies, in the case of the JESD22-B111 board
the lowest three, can be considered significant. Owing to the simultaneous action
of many different natural modes and frequencies, and the fast attenuation of the
vibration amplitude, the strain distribution on the test board changes very rapidly.
Thus, the location of the highest stress changes quickly also. Figure 9.4 shows the
longitudinal strain measured in the middle of the board layout on the opposite side
of the board from the components. Figure 9.4a shows how the strain develops after
the drop impact. The macroscopic oscillation is due to the natural mode with the
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Fig. 9.2 JESD22-B111
compliant drop tester:

a Structure of the tester,

b Test board is attached from
the four corners on a support
pins and components are
facing downward

lowest frequency. Oscillations at higher frequencies are embedded in the larger
strains. The strains due to natural modes with higher frequencies are shown in
Fig. 9.4b, which presents only the 0-5 ms time interval from Fig. 9.4a.

The failure mechanism under mechanical shock loading differs greatly from
that under thermomechanical loading, where the localized recrystallization of the
interconnections enables the nucleation and propagation of cracks in the bulk
solder [1-5]. Besides temperature the most important difference between drop tests
and thermal cycling tests is the deformation rate. The drop tests are typically
carried out at room temperature (~ 295 K), which is relatively high (0.6 T,,) when
compared to the melting point of the solder (~ 500 K). At such high (homologous)
temperatures, the plastic behavior of the solder is strongly strain-rate dependent.
As shown in Fig. 9.5, the solder becomes remarkably stronger as the strain rate
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increases from that used in thermal cyclic tests (~107°-107> 1/s) to that used in
drop tests (~1-10 1/s). As can be seen, the flow stress of solder is about two to
three times as high when the strain rate is increased from that occurring in thermal
cycling to that occurring in drop tests. Both the ultimate tensile strength and the
yield strength increase with strain rate, but the yield stress is typically even more
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strain-rate sensitive. Subsequently, the magnitudes and distributions of the stresses
in the solder interconnections are different under thermal cycling and drop test
conditions. Our finite element calculations have shown that as the strain rate
increases not only stresses in solder interconnections increase but also they
become more concentrated on the component side edges of the interconnections
[6, 15]. Due to the much higher flow stress of the solder interconnections in the
drop tests, the intermetallic compound layers will experience significantly higher
stresses than those in thermal cycling. The same calculations showed that stresses
at the solderlpad interface on the PWB side are less than half of that on the
component side. The tensile strength of the solder increases above the fracture
strength of the IMC, and this ultimately makes the fractures propagate inside the
IMC layers, instead of the bulk solder. In thermal cycling, where the strain rates
are relatively low, the cyclic thermomechanical loading of the interconnections
generates plastic deformation, which ultimately leads to propagation of fatigue
fracture through the solder interconnections.

9.3 Reliability of Lead-Free CSPs under Mechanical Shock
Loading

In this study, the drop reliability of high-density electronic assemblies was studied
by applying standardized JESD22-B111 test procedure for test vehicles that rep-
resent the technologies and lead-free materials typically used in portable electronic
products. A large number of component boards were assembled in a full-scale
production line to enable proper statistical and fractographic analyses. The test
boards were assembled with different printed wiring board protective coatings,
component under bump metallizations and solder pad structures. The component
boards were drop tested and the times-to-failure of the various combinations were
statistically analyzed.

The component used was a lead-free Sn0.2Ag0.4Cu (wt%)-bumped chip scale
packaged (CSP) component with 144 bumps (500 pm in diameter) and bump pitch
of 800 um (denoted CSP144 in the following). The height of the bumps was
480 um and the under bump metallurgy consisted of a ~0.6-0.8 pm-thick-elec-
trochemical Ni, on top of which there originally was a thin gold layer before
bumping. The structure of the component and materials used are shown in Fig. 9.6.
The PWB was a double-sided (1 + 6 + 1) stack-up multilayer FR4 board with six
inner copper layers in addition to the topmost resin-coated copper layers. The
component boards for the drop tests were designed according to the JESD22-B111
drop test standard. The pad and conductor patterning on the board was the same on
the two sides except that one side of the board had microvias in all of the soldering
pads and the other did not. The PWBs were manufactured with either electroless
Ni plating containing about 9 wt% (16 at%) P with flash Au finish on top (denoted
Ni(P)IAu) or organic solderability preservative (denoted CulOSP) protective
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coating on the Cu soldering pads. The test boards were assembled by using the
Sn3.8Ag0.7Cu solder paste. Although the board was double-sided, components
were mounted on the non-microvia side only. The drop height was set to 82 cm in
order to achieve the required peak deceleration of 1500 G for the duration of
0.5 ms (half-sine pulse). A failure was recorded when the resistance through the
daisy chain network exceeded the 1.0 kQ threshold resistance for more than
200 ns three times in a sequence of five drops.

Figure 9.7 presents the average drops-to-failure of the different material com-
binations of the experimental design. The significance of the differences between
the material combinations was studied with the nonparametric Wilcoxon Rank-
Sum Test (the numerical data failed the Shapiro—Wilk test for normality). The
effect of both the factors, the PWB coating and the component side metallization,
was statistically significant: the copper metallization on the component side was
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more reliable than the electrochemical nickel (¢ = 4.7%) and, on the PWB side
the CulOSP was more reliable than the Ni(P)lIAu (o = 0.2%).

The Weibull characteristic life times (1) of the NilAu-metallized and Cu-met-
allized components on the Ni(P)IAu-coated PWBs were 6 and 10 drops, respec-
tively, while those on the CulOSP-coated PWBs were 12 and 16, respectively.
Similarly the shape parameters (f) of the NulAu-metallized and Cu-metallized
components on the Ni(P)lAu-coated PWBs were 1.7 and 1.5, respectively, while
those on the CulOSP-coated PWBs were 1.9 and 3.7, respectively.

The primary failure modes identified at the failure analysis stage were different
from those typically observed after the thermal cycling tests with similar com-
ponents and the same lead-free materials [1, 3]. In addition, the modes were also
different between the interconnections on the Ni(P)IAu and the CulOSP. The solder
interconnections on the CulOSP-coated PWBs failed at the component side, where
cracks propagated through the (Cu,Ni)sSns or the CugSns reaction layer depending
on the component under bump metallization: CugSns on the copper under bump
metallization (see Fig. 9.8) and (Cu,Ni)¢Sns on the NilAu metallization (see
Fig. 9.9). (In the case of Cu-UBM, there should thermodynamically be a layer of
Cu;Sn between the Cu and the CugSns but the thickness of the Cu;Sn layer is too
small to be observed in the images). Interconnections on the Ni(P)lAu failed from
the PWB side interface, where cracks propagated between the (Cu,Ni)¢Sns and the
Ni(P) metallization (see Fig. 9.10). Cracks in the CulOSP interconnections typi-
cally nucleated at the corner of the interconnections, a varying distance away from
the intermetallic compound (IMC) layers in the bulk solder (see e.g. Figs. 9.8,
9.9), but jumped very quickly into the IMC layers, which obviously provided a
more favorable path for the crack to propagate due to the brittle nature of the
compound. The fractures in the Ni(P)IAu interconnections propagated very close
to the nickel metallizations underneath the (Cu,Ni)sSns intermetallic layer, as
shown in Fig. 9.10.
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Fig. 9.8 The primary failure
mode of the Cu-UBM
interconnections on the
CulOSP-coated PWBs

Fig. 9.9 The primary failure
mode of the Ni-UBM
interconnections on the
CulOSP-coated PWBs

Fig. 9.10 The primary
failure mode of the Cu-UBM
as well as the NilAu-UBM
interconnections on the
Ni(P)lAu-coated PWBs
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No recrystallization was observed in the drop-tested samples, even after several
months of storage at room temperature. This is most likely because during drop
testing the strength of the solder interconnections increases and the solder does not
markedly deform plastically. As the strain rate is increased twinning mechanism is
activated. Twins are typically observed in the regions of the interconnections
where stresses are highest.

Despite the fact that the stresses at the PWB side interfacial regions of the
interconnections are much smaller than at the component side [6, 15], the primary
failure mode for the interconnections soldered on Ni(P)IAu was a fracture on the
PWB underneath the (Cu,Ni)¢Sns intermetallic layer. This emphasizes the weak
nature of this interface. The fracture typically propagated completely through the
solder interconnections at a single or very few impacts. The fracture path was
always very smooth and straight, when compared with the CulOSP interconnection
fractures discussed earlier.

9.4 Effects on Small Additions of Ni in the SnAgCu solder
and in the Drop Reliability of BGA Component Boards

At the dawn of the adoption of the lead-free electronics manufacturing legislation
(RoHS) at the EU region, compositions of the currently used lead-free solder
alloys were decided mainly on the basis of their ability to replace the eutectic Pb-
containing solder alloys in the existing assembly processes. However, recently the
emphasis of research and development work has shifted toward the reliability
issues related to the newly adopted compositions. Reliability improvements have
been sought by modifications of the microstructures and mechanical properties of
the near-eutectic SnAgCu solders by adding minor elements and optimizing their
compositions. In addition to Ni, the effects of elements such as Co, In, Sb and Zn
have been investigated [19].

As discussed earlier, the increased strength of solder interconnections caused by
the strain-rate hardening under fast deformation rates is perhaps the most important
reason for the increase in stresses at the interfacial regions of the solder intercon-
nections above the fracture strength of the intermetallic layers (cracking of the
interfacial layers) [4, 7]. Silver is know to be a very effective strengthener of tin, and
the yield strength of the alloy increases with increasing silver content [20, 21].
Therefore, lower strength of low-silver SnAgCu alloys (lower than the about 3.5
wt%) may be advantageous for drop reliability because it allows plastic deforma-
tion of the solder interconnections and, thereby, the maximum stresses near the
intermetallic layers are smaller. Furthermore, modifications of the intermetallic
layers, for example by the introduction on minute amounts of nickel in the SnAgCu
solders, can change the morphology and properties of interfacial reaction layers
and, thereby, change their performance under reliability tests. It has recently been
observed that very small addition of nickel, even below 0.1 wt%, in the SnAgCu
alloy can retard the growth of the initially very thin layer of Cu;Sn [20-23].
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Therefore, drop reliability of the CSP/BGA component boards soldered with
different interconnections compositions was investigated. The commonly used
near-eutectic SnAgCu solder alloy (Sn3.1Ag0.5Cu) was compared to the reli-
ability of the component boards that were soldered with a low-silver nickel con-
taining SnAgCu alloy (Snl.1Ag0.5Cu0.INi). The reliability was studied by
applying the JESD22-B111 drop test standard (condition B: 1500 G with 0.5 ms
pulse width and the single component on board configuration). The component
used in this study was a 12 mm x 12 mm chip scale sized BGA with 144 bumps,
the pitch of 0.8 mm and a bump diameter of 0.5 mm (see Fig. 9.11). The com-
ponent was bumped with either Sn3.0Ag0.5Cu (SAC305) or Snl.2Ag0.5Cu
0.05Ni (LF35). There was no under bump metallization between the solder bumps
and copper pads of the component. The printed wiring board (PWB) layout was
designed according to the JESD22-B111. The copper soldering pads of the PWBs
(1 + 6 + 1 build-up FR4) were coated with organic solderability preservative
(CulOSP).

The two different interconnection compositions were formed by using different
commercial solder pastes: (a) the SAC305-bumped components were reflow solder
with the Sn3.8Ag0.7Cu to form the Sn3.1Ag0.5Cu and (b) the LF35-bumped
components with the Sn0.7Cu0.1Ni to form the Snl.1Ag0.52Cu0.01-0.1Ni after
reflow compositions of the solder interconnections. The after reflow nominal
composition of the interconnections was calculated by assuming complete filling
of the stencil openings, perfect paste release from the stencil, and mixing of the
bump and paste material volumes during the soldering. The component boards
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Fig. 9.12 Primary failure
mode of the SnAgCu solder
interconnections

were given a second reflow in order to give all test boards the same reflow
treatment before testing. All together 46 component boards (23 replications of
each interconnection compositions) were drop tested.

The reliability of the component boards was dependent on the solder compo-
sition. The average number of drops-to-failure of the component boards with the
SnAgCu solder interconnections was 53 drops while that of the component boards
with the SnAgCuNi interconnections was 71 drops. The SnAgCuNi solder inter-
connections are more reliable than the SnAgCu interconnections at 9.3% risk level
(Wilcoxon Rank-Sum Test). The failure analysis of the drop-tested component
boards revealed that the SnAgCu interconnections failed by cracking of the
component side intermetallic layers, where cracks propagated inside the CugSns
intermetallic compound layer, as shown in Fig. 9.12. The primary cracks, i.e. the
cracks that had failed the components electrically, had nucleated and propagated
on the component side, while only some secondary cracks (cracks that do not
cause electrical failures) were observed at the PWB side of the solder
interconnection.

The SnAgCuNi interconnections, on the other hand, failed by cracking of the
copper traces at the edge of the soldering pads on the PWB side of the inter-
connections. The copper traces had failed at the vicinity of the corner intercon-
nections as shown in Fig. 9.13. Figure 9.14 shows a secondary failure mode,
cracking of the bulk solder that was characteristic only to the low-silver, nickel
containing interconnections. They were not observed to have caused electrical
failures, and cracking of interfacial intermetallic layers was not observed in any of
the SnAgCuNi solder interconnections.
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Fig. 9.13 Primary failure
mode of the SnAgCuNi
solder interconnections

The interfacial intermetallic layers were inspected with the help of the polarized
light microscopy. Polarized light images make individual grains visible by
showing grains in different grain orientations in different colors (asymmetric
crystal structures have different refraction indices in different crystal directions
and, therefore, cross-sections of grains in different orientation are seen in different
colors when the reflected plane polarized light is cross-polarized). The micro-
graphs in Fig. 9.15 show distinct differences in the morphology of the reaction
layers. The interfacial reaction between the SnAgCu solder and copper pads forms
a two-layered structure: CulCu3SnlCugSnslsolder. The Cu;Sn layer in the SnAgCu
interconnections (see Fig. 9.15) is clearly visible but not distinguishable in the
SnAgCuNi interconnections. It seems that the nickel addition has not to have
affected the total thickness of the reaction layers considerably but the grain size is
notably reduced and the reaction layers are, consequently, much more uniform.
The scallop-shaped morphology has changed to more granular-type morphology.
It should be noted that in the case of the SnAgCu interconnections cracking took
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Fig. 9.14 Secondary failure
modes of the SnAgCuNi
interconnections

SnAgCu Interconnections

SnAgCuNi Interconnections

Fig. 9.15 Morphology of the interfacial reaction layers of the SnAgCu (left) and SnAgCuNi
layers (right); Top row: cross-section of the intermetallic layer taken with cross-polarized light
(different grain orientations appear in different colors), bottom row: top view of the intermetallic
reaction layer taken with the SEM

place in the intermetallic layers, whereas in the case of SnAgCuNi interconnec-
tions cracks propagated in the copper trace of the PWB or in the bulk solder but
never in the intermetallic layers.
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9.5 Intermetallic Compounds Layers: Their Structure
and Formation

Because the reliability of electronic assemblies under mechanical shock loading is
very often dependent on the ability of intermetallic layers to withstand the stresses
produced in their operation conditions, the formation and properties of interme-
tallic compound layers are discussed next. All the common base materials (coat-
ings or metallizations) such as Cu, Ni, Ag, Ag-Pd and Au, form intermetallic
compounds (IMCs) with Sn, which is the generally accepted major element in
most lead-free solders. Chemical reactions occur between solders and conductor
metals during soldering (i.e. component metallizations, boards surface finishes and
underlying conductors), and IMCs will nucleate and grow at the solder/conductor
interfaces (provided that the solder alloys do not contain such elements that can
prevent the formation of IMC layer). It is well known that the presence of the
IMCs between solders and conductor metals is an indication of good metallurgical
bonding. A thin, continuous and uniform IMC layer is an essential requirement for
good bonding. However, due to their inherent brittle nature and the tendency to
generate structural defects, too thick IMC layer at the solder/conductor metal
interface may degrade the reliability of the solder joints.

Even though there are some characteristic differences between the systems
commonly used in electronics devices (Cu—Sn, Ni-Sn, Ag—Sn and Au-Sn) the
intermetallic reaction layers are formed, in principle, in three consecutive stages:
(a) dissolution of contact metallization to molten solder, (b) chemical reaction i.e.
the formation of IMCs, and (c) solidification of the interconnections. Although the
relative importance of each stage may vary between different systems depending
on the solubility of conductor metal in tin. The general sequence of events during a
soldering operation can be described as follows. Immediately after the flux has
removed the oxides and permits metallurgical contact of solder with the conductor
metal, the contacted metal starts to dissolve to the molten solder. Initially, the rate
of dissolution is very high, particularly if the solder is not alloyed with the metal in
question and, therefore, very high concentrations of solute elements can be real-
ized locally. After a short period of time, the layer of molten solder that is adjacent
to the contacted metal becomes supersaturated with the dissolved metal throughout
the interface. Thermodynamically, at the local (metastable) equilibrium solubility,
the solid IMC starts to form in this part of the solder. The formation of the IMC
takes metal solutes out of the saturated liquid solder and causes some further
dissolution of the contacted metal, especially if the intermetallic layer is not
uniform on top of the substrate. During storage or in use of electronic devices, the
IMCs generated during soldering grow further in thickness or increase in number,
especially if the operational temperatures are well above the ambient. Therefore,
both solid/liquid and solid/solid systems must be studied to have better under-
standing of the reliability of soldered assemblies. It should be noted that the
microstructures formed during soldering are under continuous microstructural
evolution during the use of the devices. The local equilibrium conditions in the
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solder interconnections will change locally owing to the consumption of one or
more of the components. This may then change the phases that can exist in local
equilibrium accordingly and result in new interconnection microstructures. The
microstructural changes thereby can affect the modes and mechanisms by which
interconnections fail under loading. Thus, knowledge of the solderlconductor
interaction and phase evolution in the solder interconnections is important not only
to understand the reliability issues of the solder interconnections but also to the
optimization of the soldering process from the metallurgical standpoint.

The lead-free materials used in the reliability tests were chosen to represent
those typically used in portable electronic products. Ni(P)IAu or organic soldering
preservative (OSP) protective coatings were used on the printed wiring boards
(PWB), and NilAu or bare Cu were used as the under bump metallization (UBM)
on the component side. SnAgCu-bumped components were reflow solder with
different commercial near-eutectic SnAgCu solder pastes. Thus, there are three
metallurgically different interfacial regions and each of them will be discussed in
the following. A detailed review about the formation of intermetallic compound
layers in different systems is available [24] and therefore only binary Cu-Sn,
Ni—Sn and ternary Ni—P—Sn cases are shortly presented here.

9.5.1 Cu-Sn

Out of the material combinations studied in this work, the interconnections with
copper in contact with the solder formed the most reliable interconnection struc-
ture under the mechanical shock loading. In the temperature range of interest (e.g.
below 260°C), the interfacial reaction with molten Sn-based solder results in the
formation of CusSn (¢) and CugSns (1) layers.

In general, at temperatures typical for the soldering processes, i.e. below 260°C,
CueSns is the first phase to form at the liquid Sn/Cu conductor interface. The first
stage of the reaction is the dissolution of Cu to liquid solder, until the solder
becomes supersaturated with Cu more or less uniformly at the Cu/liquid interface
(i.e. reaches the metastable solubility limit). The metastable solubility is important,
because it essentially determines the dissolution rate of metal to liquid solder. The
metastable solubility is always higher and typically it is 2-3 times the stable
solubility. Here, it indicates the largest possible amount of Cu that can dissolve in
the liquid without precipitating back as pure Cu. It is to be noted that when
calculating metastable solubilities, one has to use the data being assessed both
stable and metastable phases. If the data have not been optimized for metastable
phase, the liquids are generally far too stable in their metastable regions and so the
evaluation gives too high values for the metastable solubility.

When Cu comes into contact with molten Sn, it starts to dissolve rapidly [25, 26].
Initially, the dissolution is a non-equilibrium process and locally very high
concentrations of Cu can be realized in the very vicinity of the Cu/liquid interface.
Since there is large driving force for the chemical reaction between Cu and Sn
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Fig. 9.16 CulSnAgCu
interface annealed at 250°C
for 1 h in order to detect the
Cu;Sn layer in between the
Cu pad and the CugSns

Cu soldering pad

X2000 10pm WD 15mm

atoms at the metastable composition, CueSns crystallites can form very fast by the
heterogeneous nucleation and growth at the Cu/liquid interface. In addition to the
more or less uniform scallop-type CueSns layer (uniphase), the (CugSns+Sn) two-
phase layer can form next to the uniphase layer, most likely enhanced by the local
constitutional supercooling of liquid. The final thickness and the morphology of the
reaction layer is determined primarily by the rate of the dissolution of Cu in liquid
and the chemical reaction between Sn and Cu and, secondarily, by the diffusion of
Cu in the liquid. The metastable solubility of Cu in liquid solder is therefore the most
important factor. On the other hand, the rate of diffusion of Cu atoms in the liquid
determines the extent and morphology of the two-phase zone in front of the uniphase
layer. Thermodynamically, there should also be a layer of Cu;Sn layer between Cu
and CugSns (see Fig. 9.16). However, the thickness of the CusSn layer is much
smaller than that of the CusSns layer after reflow or wave soldering, and its for-
mation usually requires extended contact times.

When one considers solid state reactions between Sn and Cu, it can be con-
cluded that from room temperature up to 50-60°C only the r‘-phase grows with an
observable rate and the reaction is controlled by the release of Cu atoms from the
Cu lattice. The main diffusing species at room temperature is Cu. Above 60°C, the
e-phase starts to grow with measurable rate and its fraction out of the total
intermetallic layer increases as annealing continues. Between 60 and 200°C, dif-
fusion of Sn starts to control the growth of the n-phase. This is rational, as the
temperature is increased, volume diffusion starts to dominate and grain boundary
and interstitial diffusion of Cu do not play such a big role anymore. During this
temperature interval, the e-phase continues to grow at the expense of the n-phase
and both Cu and Sn are mobile during its growth. Consistent with the Cu3Sn rule,
Cu is the more mobile species in the ¢-phase. As interdiffusion in the n-phase at
temperatures 160-220°C requires higher activation energy, the fraction of the
e-phase out of the total intermetallic layer thickness is larger at temperatures
160-200°C than at 220°C. It should also be noted that if solid state aging follows
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Fig. 9.17 Electrolytic CulSn diffusion couple annealed at 125°C for 1000 h

soldering, the resulting morphology after aging is dependent on the initial mor-
phology formed during the solid-liquid contact. Finally, excessive void formation
and redistribution of impurities in CuzSn phase already at low temperatures, as
sometimes detected, induces some reliability concerns for Cu conductors and
under bump metallization (see Fig. 9.17).

9.5.2 Ni-Sn

Ni is often used as a diffusion barrier layer between Cu and Sn, since the reaction rate
of Ni with liquid Sn is typically smaller than that of Cu with Sn. This, in turn, results
in thinner IMC layers in the Sn—Ni system than in the Sn—Cu system. The Sn—Ni
system is well characterized. There are stable three IMCs (Ni3Sn, NizSn, and
Ni3Sny) at the temperatures of our interest i.e. below 260°C. It has been reported that
the NisSny phase (or metastable phases) forms during soldering at the interface
between liquid non-Cu-containing solders, such as SnPb, SnAg, or SnSb, and Ni
metallization. The Ni3Sny phase forms even though it is thermodynamically the least
stable of all the Ni—Sn compounds and it possesses the most complicated crystal
structure. Similar arguments regarding the initial periods of dissolution and NizSny
nucleation are valid here as already discussed in the case of Cu. However, the
solubility of Ni is much smaller and, therefore, its dissolution rate is much lower.

On the other hand, when using Pb-free solders that include even small amounts
of Cu, the first phase to form at the interface changes so that it is the (Cu,Ni)gSns
instead of the NizSny. This was the case with the drop test results presented in
Sect. 9.3 above where the component had NilAu under bump metallization and the
bump was SnAgCu alloy. The incorporation of Ni in the CugSns was observed to
weaken the mechanical properties of intermetallic layer by producing severe
cracking of the intermetallic phase (see Fig. 9.18). The cracking of the
(Cu,Ni)gSns is sometimes visible even after reflow.

Hence, to determine the critical Cu concentration (shown in Fig. 9.19), which
causes the formation of (Cu,Ni)¢Sns instead of (Ni,Cu)sSny, is of practical signifi-
cance. The critical amount of Cu required to change the first forming phase is
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Fig. 9.18 Cracking of the
(Cu,Ni)eSns reaction layer is
characterized by relatively
large number of secondary
cracks along the crack path
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Fig. 9.19 a Calculated critical Cu content in liquid Sn to change interfacial reaction product
from (Ni,Cu);Sny to (Cu,Ni)e¢Sns, as a function of temperature together with the experimental
points. b Effect of alloying Ag and Bi to Sn on the critical Cu content at 7' = 250°C [43]

dependent on temperature and other elements in the alloy. As shown in Fig. 9.19a,
the critical Cu concentration increases with increased peak reflow temperature.
On the other hand, the alloying elements, for example Ag and Bi shown in Fig. 9.19b,
decrease the critical Cu content. The detailed thermodynamic explanation for this
transition has been explained elsewhere [24, 43] and is therefore not repeated here.

9.5.3 Ni-Sn-P

During recent years, the electroless Nilimmersion Au coatings (denoted Ni(P)lAu)
have been extensively used in high-density component assemblies as a surface
finish on printed wiring boards (PWB) because they have many advantages over
other surface finishes such as hot air solder levelling (HASL) SnPb finishes:
Ni(P)IAu coatings provide desired flat and uniform pad surface and they maintain
good wettability, even after multiple reflows. Furthermore, Ni(P)IAu coatings
provide higher mechanical strength and resistance against thermal fatigue of
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Fig. 9.20 Cracking of the PWB side interfacial reaction layers between the Ni(P)IAu and
SnAgCu solder

Fig. 9.21 Transmission
electron micrograph from the
interfacial reaction layer in
the interconnections on the
Ni(P)IAu metallization

Ni,P+Sn NiSnP (Cu,Ni)Sn;

lead-free solder interconnections than can be achieved when using organic solder
preservatives on Cu pads. Moreover, as an insulating material OSP has a disad-
vantage when connectors are assembled on the same board. Finally, nickel acts as
a diffusion barrier layer between Sn-based solders and copper conductors and
prevents the underlying copper from reacting with Sn.

On the other hand, reliability problems have been reported when using Ni(P)IAu
coatings with Sn-based solders. Under mechanical shock, loading cracks propagate
in a very narrow reaction zone (NiSnP in Fig. 9.20) between the two-phase layer and
the (Cu,Ni)eSns intermetallic layer, as shown in Fig. 9.21. During the electroless
coating process, Ni is deposited on Cu together with phosphorous, because hypo-
phosphite is used as a reducing agent in plating baths. It is the presence of
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phosphorus in the surface finish layers that has been observed to be associated with
the above-mentioned reliability problems. Although the wetting occurs properly and
the chemical reaction between Sn and Ni is evident, the interfacial strength is not
adequate. The weakest interfacial reaction product readily fractures under
mechanical stress even during cooling from soldering temperatures and leaves
behind an open circuit. The formation mechanism of the interfacial reaction prod-
ucts that causes the reliability problem has not yet been identified with certainty.

When one considers reaction between liquid Sn (or SnAgCu solders) and
Ni(P)lAu surface finish, the following reaction sequence takes place: Immediately
after the solder has melted Au, Ni and P start dissolving rapidly into the liquid
solder, which—due to the existence metastable liquid miscibility gap in the
Sn—P-Ni system—is divided into Sn-rich liquid (L) and (Ni,P)-rich liquid (L,).
Because of high Ni content, the L, is unstable and it transits into the nanocrys-
talline NiSnP, which provides the substrate for the formation of the (Cu,Ni)eSns.
Subsequently, the metastable NiSnP layer starts to transform into the columnar
NizP. In this transformation, Sn atoms and impurities, which do not dissolve into
the Ni;P, diffuse toward the remaining NiSnP layer. The impurities in this ternary
layer are revealed as numerous small “pores” detected with the high-resolution
transmission electron microscopy (see Fig. 9.21). More detailed description of the
above presented reaction sequence can be found from the literature [27].

Under mechanical shock loading, the reliability of interconnections on the
Ni(P)lAu is inferior to that of interconnections on the CulOSP due to the formation
of the complex P-rich reaction layers between the Ni(P) coating and the solder.
Cracks nucleate and propagate in the porous and highly brittle NiSnP layer between
the columnar two-phase (Ni;P+Sn) layer and the (Cu,Ni)gSns intermetallic layer.

9.5.4 Effect of Alloying and Impurity Elements on Cu-Sn IMC
Formation and Properties

Owing to the reasons discussed earlier, there is a continuous interest to better
understand and influence the properties of IMC layers in order to increase the
reliability of solder interconnections. One way to influence the interfacial reactions
and the resulting product layers in a given system is to alloy either metallization
(conductor) or solders with small amounts of additional elements. It is to be noted
that also the presence of impurities in the interconnection system may have
marked effects on the properties and growth of IMC layers. Additional elements
can basically have three major effects on the reaction between the solder and the
conductor metal: (a) they can increase or decrease the reaction/growth rate,
(b) additives can change the physical properties of the phases formed (in the case
of Cu and Sn, Cu3Sn and CugSns), and (c) they can form additional reaction layers
at the interface or they can displace the binary phases that would normally appear
and form other reaction products instead. Further, these elements can be divided
roughly into two major categories: (a) elements that only change the activities of
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Fig. 9.22 Reaction layers
formed in the reaction
between Snl11Ag and Cu after
annealing at 150°C for

2560 h

COMPO 150KV  X1,000 10um WD 15.2mm

species taking part in the interfacial reaction and do not participate themselves (not
extensively soluble in IMC layer) and (b) elements that take part in the interfacial
reaction in question (generally show marked solubility in IMC layer). The ele-
ments belonging to the latter category usually have more pronounced effect on the
IMC formation. Because the Sn—Cu system is the most important binary reaction
couple associated with soldering, we will take it as the base system and consider
the effect of one element from each category (a) Ag and (b) Ni on the binary
reaction.

9.54.1 Effect of Ag

Figure 9.22 shows the interface between Snl11Ag (at%) and Cu after annealing at
150°C for 2560 h. The large Ag;Sn IMCs are also clearly seen in the micrograph.
The plot of IMC thickness as a function of square root of time for this couple is
shown in Fig. 9.23.

As can be seen (see Figs. 9.23,9.25) the growth behavior is very similar to that of
100Sn—Cu system (see Fig. 9.24) as shown also in previous publications [28-30]
and indicated by the Sn—Ag—Cu phase diagram and thermodynamic data [31, 32].
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Fig. 9.24 Reaction layers
formed in the reaction
between pure 100Sn and Cu
after annealing at 150°C for
2560 h
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The reasons for the observed behavior can be interpreted with the help of thermo-
dynamic-kinetic information. As Ag does not dissolve in CugSns or CusSn, the only
way for it to influence the interfacial reactions is by influencing the activities of the
reacting species, in this case that of Sn [32]. The presence of Ag slightly decreases
the activity of Sn in the solder and, thus, reduces the driving force of the diffusion of
Sn through the CugSns layer. As Sn is the main diffusing species in CugSns at these
temperatures, the resulting decrease in the Sn flux through the layer favors
the growth of Cu3Sn, where Cu is the main diffusing species [24, 33—40]. It is to be
noted, however, that the IMC growth behavior in the Cu—Sn system is not only
strongly temperature dependent as already discussed in Sect. 9.5.1. The relative
thickness of CugSns and CusSn is changed as a function of temperature due to the
changes of both driving forces and intrinsic diffusion fluxes of Cu and Sn in
the phases. It should also be noted that if solid state aging follows soldering, the
resulting morphology after aging is dependent on the initial morphology formed
during the solid-liquid contact. In addition, it must be noted that the growth of the
phases in a given multiphase reactive diffusion couple is not independent, but is
affected by other growing layers [41].
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Hence, CusSn consumes some of the CugSns as it grows, and this effect is
enhanced when the flux of Sn through CugSns is reduced, as shown in previous
publication [42]. This effect can be seen by comparing the diagrams in Figs. 9.23,
9.25, as not only the thickness of Cu;Sn surpass that of CugSns earlier that in the
case of pure Sn—Cu couple, but also the total IMC thickness is somewhat reduced
in comparison with Sn—Cu couple.

This is because as the flux of Sn through CugSns is decreased, also the growth
of Cu;Sn is slowed down due to the reduced availability of Sn at the CuzSn/
CueSns interface. Finally, it is to be noted that as the solubility of Ag in solid Sn is
very small it has only minor effect on the activity of Sn [32]. Therefore, the
difference between the growth kinetics of IMCs in Snl11Ag—Cu and 100Sn—Cu
systems do not display marked differences. One can also ask whether the formation
of Ag;Sn platelets at the interface may play some role in the intermetallic com-
pound formation by physically blocking the diffusion of Sn to CugSns layer at
specific locations. However, this effect is anticipated to be of much less of sig-
nificance than the effect of Ag on the activity of Sn. This is because there still
remain plenty of paths for Sn diffusion to Cu—Sn IMC layers despite the AgzSn
precipitates and it can even be argued that the phase interface between Agi;Sn
precipitates and Sn-based solder matrix offers fast diffusion paths for Sn atoms
along the interface, thus acting against the above-mentioned “blocking effect”.

9.5.4.2 Effect of Ni

Figure 9.26 shows the interface between SnlNi (at%) and Cu after annealing at
150°C for 2560 h. The plot of IMC thickness as a function of square root of time
for this couple is shown in Fig. 9.27. When Figs. 9.25, 9.27 are compared, it can
be seen that: (a) total IMC layer thickness is smaller than in the Sn—Cu case, (b) its
growth does not follow parabolic kinetics and (c) especially the thickness of Cu;Sn
is drastically reduced. As the growth kinetics related to this system have been
described in detail (both in liquid and in solid state) [42, 43] together with lengthy
list of appropriate references, only a brief discussion is presented here.

Fig. 9.26 Reaction layers
formed in the reaction
between SniNi and Cu after
annealing at 150°C for
2560 h

COMPO 150kV 1,000 10pm WD 14.9mm
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Fig. 9.28 Cu/SnINi
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The deviation from the parabolic growth law of the total IMC comes mainly
from the (Cu,Ni)¢Sns layer, as it is seen that CuzSn follows nicely diffusion-
controlled growth kinetics (Fig. 9.27). The reason for the abnormal growth of
(Cu,Ni)¢Sns most probably has its origin in the liquid stage reaction. Because of
the effect of Ni on the interaction between Cu and Sn atoms in the liquid (and
thus also on the solubilities), the formation of a relatively thick and highly
porous two-phase structure [(Cu,Ni)gSns+Sn] takes place (see Fig. 9.28), as
explained in [43].

Thus, during the solid state annealing, sintering of this porous structure takes
place first, and only after it transforms to the dense (Cu,Ni)¢Sns structure, can the
“normal” parabolic growth continue. Based on the experimental results, it seems
that the sintering of the porous (Cu,Ni)gSns layer has barely reached its end within
the time frame of the annealing. On the other hand, the decreased growth of Cu3Sn
can be explained with the help of thermodynamic-kinetic considerations about the
Cu-Sn—Ni system [44]. During soldering process, the solder is in molten state for
about a minute. During such a short period of time, the ternary compounds that
have been observed or proposed to be present in the system [45—47] cannot form.
Therefore, the metastable phase diagram without these compounds can more
realistically describe the equilibria between solder alloys and conductor metals
[24, 41, 43]. Using the optimized dataset [32], the Gibbs free energy curves
corresponding to this metastable phase diagram were calculated. When 1 at% of Ni
is added to Sn, the Ni content of (Cu,Ni)gSns is about 20 at% (measured by EDS)
and its stability is increased markedly. The Cu;Sn being in equilibrium with it is
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practically free of Ni, and so its stability will remain practically the same as that of
pure CusSn. As a result, the driving forces for the diffusion over the intermetallic
compounds will change. The driving force for the diffusion of Sn through the
(Cu,Ni)¢Sns layer is now about ten times the driving force for the 100Sn—Cu
couple. On the other hand, the driving force for the diffusion of Cu through Cuz;Sn
reduces almost to zero. This means that through the Nernst—Einstein relation the
fluxes through the Cu;Sn and the (Cu,Ni)¢Sns layers are markedly altered, thus
resulting into the observed growth behavior (i.e. the marked decrease in the layer
thickness of Cu;Sn layer), as also previously shown [42, 43].

9.6 Summary

The ongoing trend toward ever smaller electronic products forces to larger scales
of integration and to the use of smaller and finer pitch components, such as (wafer-
level) chip scale packages and flip chips. Because of the small-scale intercon-
nections, components become closer to the printed wiring boards and the strains
and stresses experienced by solder interconnections are increased. These minia-
turized interconnections must be able to withstand variety of different loadings out
of which the sudden mechanical shocks are perhaps the most severe threat to their
reliability. Hence, understanding why the different tests produce different failure
mechanisms and, ultimately, different reliability performance is of importance.
This can only be achieved by knowing how the stress states are produced, how the
materials respond to different types of loading, and how the microstructures of
solder interconnections affect the failure mechanisms. Therefore, the emphasis of
this paper was placed on describing the loading condition under mechanical shock
loading and how it differs from that of thermal cycling.

The failure modes under mechanical shock loads are different from those
typically observed in the thermal cycling, where solder interconnections fail by
cracking through the bulk solder assisted by the localized recrystallization. Under
the mechanical shock, loading the strain-rate hardening of the solder forces cracks
to propagate in the intermetallic layers on either side of the interconnections
instead of the bulk solder.

The drop reliability of the high-density electronic assemblies was studied by
applying standardized test procedures for test vehicles that represent the tech-
nologies and lead-free materials typically used in portable electronic products. The
component studied in this work was a 12 mm x 12 mm Chip Scale Packaged Ball
Grid Array component, which today is the most commonly used package in
portable electronic products. The assembled component boards had optional under
bump metallizations (Ni or Cu), printed wiring board coatings (CulOSP or
Ni(P)IAu) and solder compositions (SnAgCu or low-silver SnAgCuNi). The reli-
ability of interconnections on the Ni(P)IAu was inferior to that of the intercon-
nections on the CulOSP due to the formation of the complex and mechanically
poor P-rich reaction layers between the Ni(P) coating and the solder in the
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Ni(P)lAu interconnections. Interconnections on CulOSP coatings, in turn, fail by
cracking of the intermetallic compound layers on the component side. The binary
CueSns formed on bare Cu under bump metallization showed good structural
integrity but the (Cu,Ni)¢Sns formed on the Ni metallization is weaker. Solder
interconnections with the low-silver nickel containing composition (SnAgCuNi)
showed higher average number of drops-to-failure.

Three different failure modes were identified in the drop-tested component
boards: (a) cracking of the interconnections in the component side intermetallic
layer, (b) cracking of the copper trace on the PWB and (c) cracking of the bulk of
solder interconnections on the component side. The mode (c) was found only in
the SnAgCuNi interconnections, and the cracks were not observed to have prop-
agated entirely through the interconnections. The SnAgCu interconnections failed
by the mode (a) while the SnAgCuNi interconnections failed by the mode (b).

Because the reliability of electronic assemblies under mechanical shock loading
is very often dependent on the ability of intermetallic layers to withstand the
stresses produced in their operation conditions, the formation and properties of the
three metallurgically different interfacial regions (CulSnAgCu, NilSnAgCu,
Ni(P)ISnAgCu, and CulSnAgCuNi) were discussed in detail. Further, it was shown
that alloying and impurity elements can have strong effects on the growth and
properties of IMC layers. The binary Cu—Sn system was used as the base reaction
couple. Based on the solubility of the alloying and impurity elements in the IMC
layers, these elements can be divided into two categories: (a) alloying elements
that do not dissolve in either CugSns or CusSn and (b) elements that exhibit
significant solubility in (usually) CugSns and (possibly) Cu;Sn. It was shown that
the latter group of elements have markedly stronger effect on the growth behavior
of IMC’s in the Sn—Cu system than those belonging to the first group, because
these (that do not dissolve in IMC’s) can influence diffusion fluxes in the layers
only indirectly through the activity of Sn. On the other hand, if the element
dissolves in IMC layer it can alter its stability and probably also its microstructure,
thus influencing the growth kinetics directly.
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Chapter 10

Impact of Humidity and Contamination
on Surface Insulation Resistance

and Electrochemical Migration

P.-E. Tegehall

10.1 Introduction

Adequate evaluation of the impact of humidity and contamination on the reliability
of electronic circuitry must be based on acceleration of the crucial failure mech-
anisms that will occur in field conditions. When electronic products are used in
humid environments, water will be adsorbed on most surfaces. The amount of
water adsorbed will depend on the temperature and the relative humidity but also
on the properties of the surfaces. More water will be adsorbed on hydrophilic
surfaces compared to hydrophobic surfaces. When polymeric materials are used,
these materials may also absorb water. The adsorbed and absorbed water will
affect the surface insulation resistance (SIR) on the circuitries. On clean surfaces,
the decrease in SIR will normally be too small to affect the functionality of the
product, but if ionic contamination is present, the drop in SIR may be large enough
to cause failures.

Humidity and contaminants do not only affect SIR. They may also cause
electrochemical reactions resulting in oxidation of anodic conductors. Metal ions
formed by the oxidation reaction can under certain conditions migrate towards
cathodic conductors and there be reduced back to metal. The precipitated metal
will form tree-like metal filaments called dendrites. These will grow towards the
anodic conductor where the metal ions come from and, with time, may cause a
short circuit when they reach the anodic conductor (Fig. 10.1). This failure
mechanism is called electrochemical migration (ECM). There is also another
failure mechanism closely related to ECM resulting in the formation of conductive
anodic filaments (CAFs). The main difference between these two failure mecha-
nisms is that formation of CAFs occurs within a laminate, whereas formation of
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Fig. 10.1 Dendrites formed
on an assembly exposed to
condensation. The dendrite
to the right has caused a short
circuit and has been partly
blown away by the resulting
electric discharge

dendrites normally occurs on the surface of a laminate or a component. However,
only failures due to degradation of SIR and formation of ECM will be covered
here.

10.2 Definition of Terms

Surface insulation resistance testing has long been used to evaluate the impact of
contaminants on current leakage and dendrite formation. However, it may be
difficult to interpret the results from such testing since misconceptions and poor
understanding of the objectives of SIR testing are common [1]. The difficulties
with using SIR testing as a tool for reliability evaluations of assemblies are caused
by several factors. The most important are as follows:

Lack of definitions of expressions used or inconsistent use of defined expressions
Insufficient knowledge of the failure mechanism

Poor understanding of the objective with SIR testing

Difficulties in testing functional assemblies. Specially designed test patterns are
required for adequate testing

Surface insulation resistance is defined in IPC-9201 [2] as “a property of the
material and electrode system. It represents the electrical resistance between two
electrical conductors separated by some dielectric material(s). This property is
loosely based on the concept of sheet resistance, but also contains element of bulk
conductivity, leakage through electrolytic contaminants, multiple dielectric and
metallisation materials and air”. That is, SIR is defined as a materials system

property.
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However, the main purpose of almost all SIR test methods used today is not
primarily to measure SIR. Instead, the objective is to evaluate the long-term
reliability of materials systems in humid environments [2]. One of several failure
mechanisms that may affect the long-term reliability is electrochemical migration.
It is defined in IPC-TR-476 [3] as “the growth of conductive metal filaments on a
printed board under the influence of a DC voltage bias. This may occur at an
external surface, an internal interface, or through the bulk material of a composite.
Growth is by electro-deposition from a solution containing metal ions which are
dissolved from the anode, transported by the electric field and redeposited at the
cathode. We are thus excluding phenomena such as field induced metal transport
in semiconductors and diffusion of the products arising from metallic corrosion”.

Other failure mechanisms in humid environments that may affect the long-term
reliability are degradation of solder masks and conformal coatings, degradation in
dielectric strength and corrosion [2]. Most of these failure mechanisms are not or
only indirectly related to SIR [4]. Tests to evaluate the impact of humidity are
often called temperature—humidity (TH) tests or, if a bias is applied during the
tests, temperature—humidity-bias (THB) tests. Many of these tests do not include
SIR measurements.

10.3 Description of Failure Mechanisms

10.3.1 Effect of Humidity and Contaminants
on Surface Insulation Resistance

Between two conductors of different potential separated by a dielectric material, a
current leakage will occur. If the conductors are embedded in the dielectric
material, the current leakage will depend on the resistivity of the bulk material.
Besides the properties of the dielectric material, the resistivity will also be affected
by the amount of absorbed humidity and contaminants present.

When conductors are located on the surface of a dielectric material, the current
leakage is determined by the integrated effect of both surface and bulk resistivity.
Some current leakage may also occur through the air. Since measurement of the
resistance between two conductors on the surface of a dielectric material inevi-
tably will include both bulk and surface resistance, the measured resistance is
usually denoted by surface insulation resistance [5, 6]. A special case occurs when
the conductors are located between two materials, for example conductors in an
inner layer or conductors under a solder mask. The current leakage will then occur
through the two bulk materials but also in the interface between the two materials.
If contaminants are present in the interface, a large fraction of the current leakage
then may take place there.

Dielectric materials that have been properly qualified for production of PCB
assemblies have high surface and bulk resistivity. Low surface and/or bulk
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resistivity is almost always caused by either improper processing (not fully cured
or properly mixed) or contaminants. Furthermore, it is normally the result of ionic
conduction caused by non-reacted constituents, by-products and/or ionic con-
taminants. Since migration of ions is involved in the current leakage, the presence
of water is normally a prerequisite for ions to take part in the process. Without
water, ions will not be formed. Therefore, ionic contamination has a negligible
effect on the resistivity in dry conditions [7].

In humid conditions, the bulk resistivity is normally much higher than the
surface resistivity [6]. The reason for this behaviour is that a film of adsorbed
water is formed on the surface. On o-alumina substrates, roughly one monolayer of
water is adsorbed at 35% RH and more than 5 layers of water molecules at relative
humidities higher than 70% [8]. Since the surface of the alumina substrate is
hydrophobic, thicker water films can be expected to be adsorbed on hydrophilic
organic substrates, but it is more difficult to determine the thickness of adsorbed
water films on organic substrates such as epoxy- and polyimide—glass laminates
since these materials also absorb water.

Due to the intrinsic ionisation of water into hydrogen and hydroxide ions, an
adsorbed water film has always some conductive properties. This may be further
enhanced by adsorption of some gases from the atmosphere that form ionic
compounds with water, for example carbon dioxide. Nevertheless, the impact of a
pure water film on the surface resistivity does not normally pose a problem. The
conductivity of an adsorbed water film is much less than for bulk water [8].
A water film five layers of molecules thick has a conductivity approximately two
orders of magnitude lower than that of bulk water, and a water film of 20 layers has
a conductivity which is still one order of magnitude lower than bulk water. The
reduced conductivity is due to a strong interaction between the adsorbed water
molecules and the substrates, which affects the properties of the water film.
Probably, it is also affected by a non-uniform distribution of the water on the
surface.

Hence, SIR is to a very large extent affected by the relative humidity but also by
the temperature. An increase in the relative humidity by about 20-30% or an
increase in the temperature by 20-30°C have been found to decrease SIR by about
one decade on fairly clean boards [6, 9-11].

Howeyver, it is the function of the water film as a medium for ionisation of ionic
compounds that renders adsorbed water films hazardous. A large impact on SIR
will be observed if hygroscopic contaminants are present. At or above a critical
relative humidity, many salts absorb water forming a saturated solution of the salt.
Thereby, the thickness and electrical conductivity of the absorbed water film is
increased tremendously. In Table 10.1, the critical relative humidities at which this
happens are given for a number of halide-containing inorganic compounds.

As shown in Table 10.1, the critical relative humidities vary considerably for
the presented compounds. Furthermore, the data for calcium chloride and potas-
sium bromide show that the critical relative humidity is temperature dependent, the
compounds become more hygroscopic at higher temperatures.
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Table 10.1 Critical relative

i Compound Temperature (°C) Relative humidity (RH) (%)
humidities for a number of

inorganic compounds at LiCI'H,0 20 15

which saturated solutions KF 100 22.9

are formed [12, 13] NaBr 100 229
CaCl,-6H,0O 24.5 31
CaCl,-6H,0 5 39.8
KBr 100 69.2
NaCl 1040 75
KCl1 5-25 84
KBr 20 84
NaF 100 96.6

Anderson et al. [14] have shown that the resistivity of a surface contaminated
with a hygroscopic compound decreases dramatically when the relative humidity
is increased to values above the critical relative humidity for the hygroscopic
compound. The resistivity is then rather little affected by a further increase in
relative humidity. For an assembled PCB, the surface would be contaminated with
a mixture of contaminants from various process steps having varying critical
relative humidities. Therefore, the surface resistivity for an ordinary production
assembly can be expected to decrease more or less gradually with increasing
relative humidity.

Not only ionic compounds may have hygroscopic properties but also poly-
glycols and many other types of organic non-ionic surfactants common in some
types of fluxes and fusing oils are very hygroscopic even at relative humidities
down to almost 0% [15]. When present alone, they contribute to a decrease in the
surface resistivity mainly by increasing the thickness of the adsorbed water film.
Since they do not contribute to ionic conduction, the decrease in surface resistivity
is rather small. What makes them hazardous is the fact that they promote a dis-
solving medium for ionic contaminants with low hygroscopicity that would
otherwise be rather harmless except at very high relative humidities. Thereby,
strong synergistic effects may be observed when hygroscopic non-ionic com-
pounds are mixed with ionic compounds of low hygroscopicity. For example, as
shown in Table 10.2, a mixture of polyethylene glycol and adipic acid has the
same impact on SIR as sodium chloride [16]. The figures in Table 10.2 also show
that ionic compounds have negligible impact on SIR at relative humidities below
the critical relative humidities for the compounds. The reason why NaBr and KCI
do not have an impact on the surface conductivity despite a critical RH below that
at which the measurements were performed may be due to that surface dispersed
chemicals have lower critical RH than the bulk salts [16].

Fortunately, not all contaminants are hazardous. Some are even beneficial.
Rosin, a common base in many fluxes is hydrophobic, i.e., water repellent [15].
Therefore, rosin residues decrease the amount of water adsorbed on the surface
and thereby improve the surface resistivity. Rosin residues may also encapsulate
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Table 10.2 Surface conductivity measured at 35°C and 90% RH for copper comb patterns on
FR-4 substrate contaminated with various compounds [16]

Compound Added amount Surface conductivity (ohm™") Critical RH*
(ug/em?) (%)
NaCl 2.00 13 x 1078 76
NaF 1.44 40 x 1071 97
NaBr 3.52 3.8 x 107! 84
KCl 2.55 3.1 x 1071 84
MgCl, 1.63 29 x 1078 44
CaCl, 1.90 95 x 1078 29
Adipic acid 5.00 27 x 1071 99.6
PEG 400° 13.70 32 x 10710 0
Adipic acid + PEG 400  5.00 4 13.70 14 x 107# -
None (Reference) 0.00 3.5 x 107! -

#Calculated values
"PEG 400 = polyethylene glycol with a molecule weight of 400

ionic contamination and thereby immobilise ions. In addition, water that condenses
on a hydrophobic surface tends to form isolated droplets as water does on a greasy
surface. Thus, even if condensation occurs, rosin residues improve the situation.

10.3.2 Effect of Humidity and Contaminants
on Electrochemical Migration

Current leakage due to ionic conduction is usually accompanied by a reduction
process at the cathode and an oxidation process at the anode. The cathode reaction
may be:

2H,0 + 2¢~ — 20H™ + H; (10.1)
or
100, + H,O + 2¢~ — 20H™ (10.2)
Whereas the anode reaction may be:
H,O0 — 150, + 2H" + 2e” (10.3)

The cathodic reactions give rise to an increase in the pH at the cathode, whereas
the anodic reaction brings about a decrease in the pH at the anode. The anode
reaction may also involve oxidation of metals forming the anode. All common
metals used in conductors can be oxidised including gold, platinum and palladium.
However, the three latter can only be oxidised in the presence of contaminants
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forming strong complexes with the metal ions, for example chloride, bromide and
iodide [17] of which the first two are common ingredients in fluxes. The oxidation
of metals at the anode can be written:

Me — Me*" + ze™

Under favourable (or rather unfavourable) conditions, the dissolved metal ions can
migrate to the cathode and there be reduced back to metal:

Me*" + ze~ — Me

These two latter reactions are the same reactions that occur during electroplating.
However, in contrast to electroplating, the metal precipitated in this case is not
plated as a metal film on the cathode. Instead, it is plated in tree-like structures
called dendrites (see Fig. 10.1). With time, the dendrites may completely bridge
the space between the conductors, causing short circuits. Since the dendrites are
very thin, short circuits usually burn off part of or the whole dendrite. Thus,
failures caused by the formation of dendrites are normally intermittent in nature,
and it may be very difficult to track the reason for such failures, especially if the
dendrites have been burned off or if they are formed under components where it is
difficult to visually observe them.

It has been proposed that the propensity of a metal to form dendrites can be
assessed from the standard reduction potential: the lower the standard potential,
the larger propensity to form dendrites [18]. Thus, the propensity to form dendrites
should decrease in the following order: Ni, Sn, Pb, Cu, Ag and Au. However, the
fact that silver has been found to be the metal that easiest form dendrites [3],
indicates that it is not only the standard reduction potential that determines the
propensity to form dendrites. If dendrites to form, the metal ions produced at the
anode must be able to migrate all the way to the cathode without being precipitated
as insoluble compounds. As already indicated, acidic conditions can be expected to
prevail at the anode and alkaline at the cathode. However, the actual pH of the
surface will also depend on contaminants present on the surface. Some common
contaminants are alkaline, for example sodium and potassium carbonate from
alkaline solder mask developers or residues from alkaline cleaning solutions.
Examples of acidic residues are weak organic acids, such as adipic acid, forming a
part of many no-clean fluxes.

Rather few, if any, of the metal ions causing growth of dendrites are soluble
through the entire pH range that may prevail between the conductors, especially at
neutral and high pH. For example, copper dendrites require a pH of less than 5 if
they shall be able to form [19]. Silver(I) ions are among those metal ions that are
soluble at a rather high pH [20] which is likely one of the reasons why silver has
been found to be the metal that easiest form dendrites. When tin is oxidised, tin(II)
ions are first formed which may be further oxidised to tin(IV). Tin(II) and espe-
cially tin(IV) require very low pH if they shall not be precipitated as hydroxides in
water solutions. Lead(II), which is formed when lead is oxidised, is less soluble
than silver(I) but more soluble than tin(I) and tin(IV). Thus, lead can expected to
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be more prone to form dendrites than tin under right conditions. In addition, for an
assembly exposed to field conditions, exposure to high humidity levels will usually
be followed by dry-up periods. Soluble metal salts may then be converted to more
or less insoluble compounds, which will delay the growth of dendrites.

As already mentioned, gold can only be oxidised in the presence of certain
anions, notably chloride, bromide and iodide. These are anions that form very
strong soluble complexes with gold ions. In the presence of chloride ions, the
anode reaction can be written:

Au +4Cl" — AuCl, + 3e”

The strong complexes formed with chloride also make gold ions soluble in solu-
tions with rather high pH, thus facilitating the migration of gold ions towards the
cathode and thereby the formation of gold dendrites. Chloride and bromide ions
form strong complexes also with cations of silver, copper, tin and lead. In fact, that
is the reason why they are added to fluxes. Their strong tendency to form complexes
with the metals commonly used as surface finishes facilitates the breaking of the
oxides on these surfaces during the soldering process. Consequently, many of the
substances added to fluxes in order to facilitate soldering can be expected to form
strong complexes with metals common in surface finishes of printed boards
although not necessarily as strong as those formed with chloride and bromide. The
presence of complex-forming compounds is highly favourable for the formation of
dendrites and is likely a prerequisite for dendrites to form in most cases.

An interesting fact is that most complexes formed with chloride and bromide
ions have a negative charge. For example, the complexes that may form between
silver and chloride, AgCl, AgCl,, AgCl327 and AgCl437, are either neutral or
negatively charged. The concentration of each species depends on the concen-
tration of chloride ions in relation to silver ions. The larger the surplus of chloride
ions, the higher the concentration of the species with three and four chloride
ligands. Thus, in the presence of chloride and bromide ions, migration of silver
ions from the anode to the cathode will not be driven by the potential difference
since it will work in the opposite direction. Migration would be driven by dif-
ference in concentration. Formation of highly negatively charged complexes may
also explain the finding by Bumiller et al. that as chloride contamination increases,
the failure mechanism shifts from ECM to uniform corrosion of the anodic con-
ductor [21]. Hence, it is possible that dendrites would form faster if power-off
periods were included in the test, under condition that the humidity level is
preserved.

10.4 Performance of SIR and ECM Measurements

It is far more complicated to measure SIR than it may seem at a first glance.
Moreover, as discussed previously, the purpose of most “SIR test methods” is not
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to determine the SIR but to determine the risk for electrochemical migration.
Therefore, the complexity and purpose of SIR measurements and the connection to
ECM testing will first be discussed before test methods for SIR and ECM tests are
reviewed.

10.4.1 SIR Measurements

SIR is determined using Ohm’s law R = U/I. In humid conditions, most of the
current on contaminated boards is generated by migration of ions. This will cause a
depletion of ions in the area between the biased surfaces, which will result in a
decrease in the current, i.e., an increase in SIR. Thus, measuring of SIR will affect
the measured value. As shown by Chan [22], the increase in SIR on a contaminated
board is fast at the beginning and then getting slower and slower. When a board
was contaminated with 10 mg/in* (1.56 mg/cm?) table salt, the initial SIR was
5.3 x 10° ohms at 30°C and 90% RH compared to about 1 x 10'” ohms for a
clean board. When a bias of 100 V DC was applied to the contaminated board, SIR
increased to 3.7 x 107 ohms after 60 s, 1 x 10° ohms after a few hours and
8 x 10” ohms after 100 h (Fig. 10.2). The clean test board showed almost no drift
in SIR values. Thus, the SIR on the contaminated board approached the value of
the clean board after 100 h of testing.

Obviously, in order to get reproducible data, one must define a stabilisation
(electrification) time after the voltage has been applied before a measurement is
taken. Many standards prescribe a stabilisation time of 60 s, but that may be a little
too short since the SIR may still drift rather fast after 1 min [10, 22]. On the other
hand, waiting too long will cause a too large drift in SIR. Furthermore, a mea-
surement of SIR will be affected by previously performed measurements. This
influence will be larger the longer the stabilisation time is. Another implication of
the ionic contribution to current leakage is that the measured SIR and the optimal

Fig. 10.2 Current and SIR 10+ Coupon at 35C, 90%RH 108
for coupon contaminated with Biased & Measured with 100V dc
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stabilisation time will depend on the applied voltage but also on the geometry of
the test pattern.

The test patterns most frequently used for SIR and ECM testing are Y and
interdigitated comb patterns of various designs, of which some are shown in
Fig. 10.3.

In order to get test patterns that are more representative for the circuitry on
PCBs, interdigitated solder lands have also been used. Three examples of such
patterns are shown in Fig. 10.4. The two first types of test patterns have also comb
patterns beneath the component bodies. In order to minimise current leakage
between the test patterns for the interdigitated solder lands and the comb patterns,
the connectors connecting the solder lands and the comb patterns should be coated
with a solder mask.

The distance between the conductors and their number and length will all affect
the SIR of a test pattern. Therefore, it is difficult to compare SIR values measured
for patterns of different design. Ideally, this can be handled using the ohms/square
concept [6]. If SIR is assumed to obey Ohm’s law, the SIR for a square will be
independent of the size of the square. By calculating the total number of squares in
a test pattern (dark grey area in Fig. 10.5) and then dividing the measured SIR with
the total number of squares, SIR can be expressed as ohms/square. If SIR had
obeyed Ohm’s law, this value would have been independent of test pattern
geometry. However, in reality, it has been found that SIR does not obey Ohm’s

Fig. 10.3 Examples of comb
patterns and a Y-pattern from
Test Board IPC-B-25A used
for SIR and electrochemical

WMMMMMW(\

LI g )

Fig. 10.4 Test patterns for measuring SIR between solder lands to an LCCC68 or PLCC68
component, two SO28 components and 0805 chip capacitors. Comb patterns are located beneath
the IC components
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Fig. 10.5 The number of h w
squares for the area of
interlap in a comb pattern
(dark grey) is calculated by
dividing the length (h) of the
conductors in the interlap
area with the conductor
spacing (w) and then
multiplying by the number
of conductors (n) minus one,
i.e., h(n—1)/w

law due to the ionic conduction, so this concept should be used with caution
[2, 23]. Furthermore, the current leakage will not be restricted to the area coloured
dark grey in Fig. 10.5. Some current leakage will also occur in the light grey area.
This will not have any significant impact on the calculated ohms per square values
as long as the length of the conductors is much larger than the insulation distance
between the conductors, as in comb patterns, but it will have a large impact on the
values for interdigitated solder lands.

10.4.2 Purpose of SIR Measurements and Connection
to ECM Testing

In many SIR test methods, a bias is applied to the test patterns during part of or for
the whole test period, which may have a duration of up to 56 days. Although SIR
is measured during these tests, the purpose of such extended tests is not to
determine the SIR. Instead, the objective is to assess to the long-term effect of
exposure to humidity and then especially the risk for electrochemical migration.
Thus, a more appropriate name of such a test is electrochemical migration test.
The fact that SIR is measured during these tests may give the impression that
the risk for electrochemical migration can be measured and determined from the
measured SIR values. That is not usually the case. Although electrochemical
migration causes migration of metal ions, it is not possible to separate electric
current due to migrating metal ions from current due to other migrating ions. Thus,
it is not possible to determine from a measured SIR value if, and to what extent,
migration of metal ions have occurred. Moreover, the formation of a dendrite does
normally not have any impact on SIR except for a few seconds when a short circuit
is formed [3]. Due to the very small cross-sectional area, a part of the dendrite is
burned off almost instantly when the short circuit occurs. Since SIR in most tests is
measured once a day, or even less frequently, and each measurement takes less
than a second, it is very unlikely that a very short drop in SIR would be detected.
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Some modern instruments are designed to automatically measure SIR at a high
frequency [24]. By using these instruments, the chance to detect an intermittent
short circuit increases, but there is still a risk for missing failures that will occur.
This could be mastered by using an event detector similar to the type used for
detecting intermittent open circuits in solder joints, but in this case designed to
detect intermittent short circuits. The time elapsed before a short circuit occurs
would be a good measure of the propensity for dendrite formation.

As long as event detectors are not used to detect short circuits, dendrites have to
be detected using some other method. Today, this is done by visual examination of
the test boards using an optical microscope after the test has been run. If test
patterns are located beneath components, it may be necessary to remove the
components before the inspection. Using visual inspection, only the number, size
and location of dendrites can be evaluated. It is not possible to determine when
they were formed during the test. Furthermore, current-limiting resistors must be
connected in series with each test pattern during the test in order to prevent that
dendrites are completely burned off when a short circuit is formed.

If electrochemical migration cannot be detected by SIR measurements, then
why measure SIR at all during an electrochemical migration test? Although there
is no clear correlation between SIR and the inclination for dendrite formation, a
high SIR indicates that electrochemical migration is unlikely to occur and a low
SIR indicates an increased risk for dendrite formation. However, it is not possible
to exclude that dendrites will form if SIR is above a certain value, nor will dendrite
formation be inevitable if SIR is below a certain value. A large number of
parameters not directly correlated to SIR have a large impact on the inclination for
dendrite formation, for example, as previously discussed, the pH of the surface and
the presence of substances forming strong complexes with metal ions.

There are also other factors that will affect the results from SIR and ECM tests.
Originally, SIR measuring was done with an instrument using 500 V DC as
measurement voltage [4]. Several standards still prescribe that a measurement
voltage of 100-500 V DC should be used. Today, with much shorter insulation
distances and lower voltages, this is a far too high voltage for many applications.
Even if the applied polarisation bias generally is lower, a polarisation bias of
50-100 V DC is common. Such a high polarisation bias may induce failure
mechanisms that would not occur in field conditions. Not only will the increased
electrical field cause an increased migration rate of ions, but it will also increase
the rate of the oxidation and reduction reactions at the anode and the cathode,
respectively. This will cause concentrations of ionic species that would not be
found on a true product. Furthermore, the pH gradient between the conductors
would be larger than normal, i.e., the pH would be lower at the anode and higher at
the cathode. Thus, the surroundings for migrating metal ions may be quite different
from those experienced in field conditions. Therefore, it is advisable to not use
polarisation and measurement voltages that differ too much from the voltage to be
used for the final product. To be on the safe side, polarisation and measurement
voltages not higher than twice the service voltage gradient have been recom-
mended [4].
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Due to the continuous increase in SIR caused by depletion of ions in the area
between biased conductors during an ECM test, some standards prescribe that
measurements of SIR should be taken using a voltage with reversed polarity and a
stabilisation time of 60 s. As expected, by reversing the polarity, the SIR will first
drop as ions start to migrate in the opposite direction and then increase again after
some time when the area between the conductors once more becomes depleted of
ions. The drop in SIR may begin immediately but, as shown in Fig. 10.2, it may
also take more than 1 h before it occurs and 10 h to reach a minimum [22].
Therefore, using reversed bias when measuring SIR only makes it even more
difficult to interpret the results of ECM tests. Since also a change of voltage with
retained polarity will cause an unpredictable drift of SIR, measurements should
preferably be done using the same voltage and polarity as the polarisation bias and
without any interruption of the bias.

However, unbiased periods during the measurement could be used for another
reason, but then they should be of some length and not performed directly before
measurements are taken. As discussed previously, metal ions are probably in many
cases mainly present as negatively charged complexes. Thus, the migration of
these to the cathode must be by diffusion against the electrical field. A test con-
sisting of periods with applied bias followed by periods without any bias to allow
for “free” diffusion would then perhaps be a more adequate test producing den-
drites in a shorter time.

Zou and Hunt have proposed a fast method to predict the propensity for elec-
trochemical migration of solders and PCB finish materials based on Electro-
chemical Impedance (EI) measurements [25] (see Chap. 4). Using this method, the
ionic resistance between two electrodes can be separated from the overall
impedance of the system. The former was found to be dependent on the metal
corrosion rate and solubility of the metal hydroxide. The propensity for dendrite
formation for various materials was shown to have an inverse correlation with
ionic resistance.

10.4.3 Test Vehicles

Production of test boards will inevitably cause contamination of the boards from
processing solutions. Figure 10.6 shows the change of SIR during an ECM test for
printed boards with different surface finishes produced by one printed board
manufacturer using ordinary production processes [26].

Initially, the boards with HASL (hot-air solder levelling) finish have about five
decades lower SIR than the boards with OSP (organic solderability preservative)
and ENIG (electroless nickel/immersion gold) finishes. The much lower SIR
values for the HASL finish is due to residues from the flux used in the HASL
process. Due to the fact that it is impossible to clean away all flux residues
[27, 28], HASL boards will always have rather low SIR. However, the impact of
flux residues from different printed board manufactures may vary greatly.
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Fig. 10.6 Surface insulation
resistance measured during
an electrochemical migration
test performed at 85°C, 85%
RH and 5 V DC polarisation
and measurement voltage for
comb patterns on printed
boards with the following
surface finishes: HASL (filled
square), ENIG (open square)
and OSP (filled diamond)
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Fig. 10.7 Surface insulation resistance measured during an electrochemical migration test
performed at 65°C, 85% RH and 5 V DC polarisation and measurement voltage for comb
patterns on printed boards from four printed board manufactures: A (filled square), B (open
square), C (filled diamond) and D (open diamond). For reference, results are given for a board
from manufacturer A cleaned for 2 h before the test (filled triangle)

Figure 10.7 shows the results from SIR measurements of HASL printed circuit
boards from four printed board manufacturers [27]. Initially, the SIR values differ
three decades between the best and the worst boards. With 2 h of extensive
cleaning using ultra-sonic agitation of boards from Manufacturer A, the SIR was
improved by about two decades, i.e., to about the same value as OSP and ENIG
boards if the SIR is adjusted for the difference in test temperature. However, when
a thoroughly cleaned board went through a soldering process without any added
flux, the SIR decreased almost back to the original value indicating that absorbed
flux residues diffused up to the surface during the heat treatment [27].

To minimise the effect of contamination, test boards with bare copper pat-
terns, without any solder mask applied and extensively cleaned are often used.
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Thereby, the effect of a single material, chemical or process can be evaluated.
Passing such a test is mandatory but not sufficient for approval of a material. When
various materials and processes are combined, synergistic effects may occur. For
example, as shown by Adams et al. [16], polyethylene glycol which is a common
ingredient in fluxes used for HASL gives a strong synergistic effect when com-
bined with adipic acid, a common ingredient in many no-clean fluxes used for
soldering of assemblies (see Table 10.2).

The cleanliness of a printed board will affect the SIR of an assembled board
whether cleaning of the assembly is performed or not. Figure 10.8 shows the
results from measuring SIR on assemblies soldered at some assemblers having
different types of soldering processes using printed boards from the four manu-
facturers presented in Fig. 10.7 [27]. Although the absolute measured SIR values
varied considerably for the various assemblies, the variation in SIR on the printed
boards was reflected in the SIR of the assemblies independent of the type of flux
and cleaning process used. It can be noted that rosin residues have a very benign
influence on SIR even when cleaning is performed.

Thus, one has to choose between a comparatively clean test board with a copper
pattern and no solder mask, and a test board that is more representative for what
will be used in true products. In the first case, it will be possible to evaluate the
influence on SIR of a single material, chemical or process and to compare with
data from other investigations, but it will not be possible to draw reliable con-
clusions regarding the SIR on the final product. In the second case, the results will

Fig. 10.8 Surface insulation (a) 11 (b) 11
resistance measured between
solder joints to wave soldered
SO28 components on
assemblies manufactured by
three different assemblers
using their ordinary
processes: RA flux and
solvent cleaning (a), low-
solid, rosin-based flux and
no cleaning (b), water soluble
flux and cleaning using pure
water (c¢) and non-soldered
reference boards (d). The
printed boards used were
produced by Manufacturers
A (filled square), B (open
square), C (filled diamond),
D (open diamond) and, as
reference, boards from 6 6
manufacturer A cleaned for . .
2 h before soldering 0 100 200 0 100 200
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show the SIR properties of the final product but they will only be representative for
the combination of materials, chemicals and processes used for producing the test
boards. Hence, “clean” test boards are mainly used for screening of materials and
processes, although it is not desired that material qualification be limited to that. It
may lead to approval of materials that later will be found to cause unreliable
products. Consequently, test boards used for final verification need to be repre-
sentative of the materials and processes used in production. That is, final verifi-
cation can only be done for specific applications. This is reflected in IPC’s
standard for printed board assemblies (PBAs): J-STD-001D, Appendix C, Material
and Process Compatibility Testing, which specifies that the test vehicle should
represent the substrate materials, assembly materials and fabrication processes
used in production [29].

However, comb patterns are not appropriate for such evaluations. The locations
most contaminated and difficult to clean on a PBA are areas between solder joints
and beneath components. Furthermore, due to the shadowing effect of components,
flux residues underneath components will not be heated to the same temperature as
on the rest of the assembly. Therefore, they may not be deactivated or evaporated
as they would have been on a free surface. Hence, to truly represent manufacturing
processes, it is necessary to mount components on the test boards. By mounting
dummy components without any electrical connections inside (open circuit) on test
patterns of the type shown in Fig. 10.4, SIR can be measured between solder joints
to soldered components. In fact, a test board can be designed and produced exactly
in the same way as production PBAs. The results presented in Fig. 10.8 are from
measurements of SIR between solder joints to SO28 components soldered to
printed circuit boards.

By placing comb patterns under components, SIR can also be checked at such
locations, although it must be pointed out that the comb pattern can have some
influence on the efficiency of a cleaning process for components with small stand-
offs. Ceramic chip capacitors and resistors usually have a very small stand-off, and
it is difficult to clean beneath them, especially if they are glued to the boards using
glue dots at the sides of the components. The best way to measure SIR beneath this
type of components is to use a test pattern as shown in Fig. 10.4, but then only chip
capacitors can be used. After the capacitors have been charged, the SIR can be
measured.

10.5 Common Contaminants that may Affect SIR and ECM

Contamination on electronic circuits may originate from manufacturing of
printed boards and assemblies, handling, storage, transportation, use, rework and
repair. Contamination from all these phases of a product’s life may affect SIR
and ECM.
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10.5.1 Contamination from Manufacturing of Printed
Boards and Assemblies

The most common laminate used for production of printed boards is FR-4,
glassweave-reinforced epoxy. When the epoxy resin in the laminate is cured, small
amounts of sodium chloride is formed as a by-product [30]. To render some
resistance against fire, brominated flame retardants are added to the laminate. The
function of the brominated flame retardants is to liberate hydrogen bromide when
exposed to fire. However, some decomposition may already occur during soldering
processes [31]; the higher the soldering temperature and the longer the exposure to
high temperatures, the more hydrogen bromide is liberated. Furthermore, to render
solder masks UV-curable, photo-initiators are added which are not included in the
polymerisation reaction [30]. Thus, the board materials themselves contain con-
taminants of which some are ionic. Also, if the epoxy is under cured, flux
ingredients may react with flame retardants at the surface liberating bromide
ions [31].

The production of PCBs includes many wet chemical treatments which all may
leave residues. Examples of chemical processes are desmearing of drilled holes,
etching processes, plating of copper and surface finishes and cleaning processes. It
is important that thorough cleaning is performed in order to remove as much as
possible of process chemicals.

The most contaminating process used for PCB fabrication is application of
solder, whether it is applied using hot-air solder levelling (HASL) or hot-oil
fusing. This process involves fluxing of the boards followed by heating to
240-280°C during solder application or hot-oil fusing, i.e., at temperatures far
above the glass transition temperature (7,) for FR-4 laminates and around the 7,
for polyimide laminates [32]. The polymer resin in the laminate becomes soft at
temperatures around and above T,, and flux ingredients are absorbed into epoxy
resins by this treatment [27, 33] and probably also into polyimide resins. Epoxy
and polyimide laminates may absorb flux ingredients to some extent even at
temperatures as low as 125°C [34].

One group of ingredients that may be absorbed is polyglycols. It has been
known for a long time that polyglycol materials are absorbed into the epoxy resin
of FR-4 boards and that it is very difficult to remove these residues by cleaning
[35, 36]. Inorganic ionic compounds may also be absorbed. High concentrations of
chloride and bromide have been found in FR-4 laminates and solder masks
[27, 28]. These residues are not possible to remove completely even if very effi-
cient cleaning processes are used. The halides are believed to originate from fluxes
used for HASL or fusing. There are indications that halides may diffuse through
several layers in multilayer boards [37].

Fluxes used for soldering of assemblies will also leave residues on the surface,
and some of the flux ingredients may be absorbed into the resin.
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10.5.2 Contamination from Handling, Storage
and Transportation

Common contamination sources during handling, storage and transportation are
fingerprints and dust from the environment and packaging materials. Fingerprints
contain hygroscopic salts of which a large part is sodium chloride. They also
contain organic acids that may form strong complexes with copper, silver, tin and
lead ions. Thus, fingerprints have large impact on surface resistivity, and they
promote the formation of dendrites. The composition of dust varies considerably
between different locations. They may have a high content of ionic materials.

10.5.3 Contamination from Use Environments

Assemblies often become contaminated in the field environment. Especially for
assemblies that are cooled by forced-air circulation, this contamination may be
significant.

The contamination can be divided into two main classes, gaseous and particulate
contaminants. Gaseous contamination consists of gases that will cause corrosion of
metals. The primary failure mechanism caused by corrosive gases is contact failures
in electrical contacts. Corrosion attacks on conductors, solder joints and component
leads on assemblies may affect SIR and the formation of dendrites. However, most
corrosion products formed, for example oxides and sulphides, are rather insoluble
in water and do not contribute to ionic conduction. An exception is corrosion
products formed by hydrogen chloride and chlorine, i.e., metal chlorides. Besides
being soluble and thereby contributing to ionic conduction, they are also a source of
halide ions, which promote electrochemical migration.

For most applications, particulate contamination is a much larger source of
ionic contamination than corrosive gases [38]. Particles are usually divided into
two size-groups, coarse and fine particles [38, 39]. Coarse particles (>1 mm
diameter) originate mainly from mineralogical or biological sources, whereas fine
particles (<1 mm diameter) have mainly anthropological origin. Although fine
particles are much more abundant than coarse ones, the total mass in outdoor
environments is usually about the same for the two size-groups. Ionic components
in fine particles are mainly sulphate and ammonium [40]. The content of ionic
species in coarse particles shows large variations between various locations.
Sulphate, ammonium, calcium, magnesium, sodium and chloride normally are the
most prevailing ionic components with large local variations for the three latter.

Most of the coarse particles are usually trapped by filtration systems but only a
small portion of the fine particles is removed unless high efficiency filtration is
used [38]. The deposition rates of various ions on a free, horizontal zinc surface in
a typical electronic equipment room (telephone office) are presented in Table 10.3
[41]. An investigation of an electronic equipment manufacturing environment
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Table 10'? Avergge annual Substance Concentration (pg/cmz)
accumulations of ions on a
horizontal zinc surface [41] Sulphate 0.20-0.35

Chloride 0.23

Nitrate 0.13-0.26

Sodium 0.11-0.15

Potassium 0.08-0.18

Magnesium 0.03-0.05

Calcium 0.63-0.87

showed a concentration of particles about five times higher in the factory envi-
ronment compared to electronic equipment rooms [42]. Of course, there can be
very large local variations, both regarding the amount of airborne particles and
their composition. In equipment without forced-air cooling, the deposition of
particles will be much less compared to a free surface. On the other hand, if forced-
air cooling is used, the deposition rate can be expected to be much higher [43].

As indicated, indoor airborne particles consist mainly of sulphate and ammo-
nium at most locations. The ammonium/sulphate ratio is normally found to be
between one and two, i.e., the formula can be written (NH,4),_,H,SO, where x
varies between 0 and 1. The critical relative humidity at room temperature for
(NH4),SO4 and NH4HSO, is approximately 80 and 40%, respectively. These
values correspond to the observation that deposits tend to be very hygroscopic
above 50-65% relative humidity [39].

Contamination may also occur in the form of liquid droplets containing, for
examples, oils and fuels. These are usually not ionic or hygroscopic but they may
affect the protective properties of conformal coatings.

10.5.4 Contamination from Rework and Repair

When rework and repair are performed on assemblies, this may cause considerable
contamination of the boards due to decomposition of board materials and fluxes
used for the work. In addition, it is usually not possible to use the same type of
efficient cleaning processes as is used in the assembly line, especially if the work is
performed in the field. Therefore, reworked and repaired boards normally have
higher levels of contamination than boards that have not been reworked or repaired.

10.6 Surface Insulation Resistance and Electrochemical
Migration Test Methods

Test methods for SIR and ECM testing may have one of three purposes:

e Qualification of materials
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e Qualification of material combinations and manufacturing processes
e Evaluation of performance in field conditions

10.6.1 Test Methods for Qualification of Materials

For a long time, testing was almost exclusively performed in order to qualify
specific materials. Some examples of such tests are as follows:

e |[PC-TM-650, Test Method 2.5.27, Surface Insulation Resistance of Raw,
Printed Wiring Board Material [44]

e [PC-TM-650, Test Method 2.6.3F, Moisture and Insulation Resistance, Printed
Boards [45]

e [PC-TM-650, Test Method 2.6.3.1D, Moisture and Insulation Resistance—
Solder Masks [46]

o [PC-TM-650, Test Method 2.6.3.3B, Moisture and Insulation Resistance—
Fluxes [47]

e [PC-TM-650, Test Method 2.6.14A, Resistance to Electrochemical Migration,
Polymer Solder Mask [48]

e Bellcore TR-NWT-000078, Method 13.1.5, Electrochemical Migration [49]

10.6.2 Test Methods for Qualification of Material
Combinations and Manufacturing Processes

Since the test boards used for qualification of materials only have Y or comb
patterns and usually bare copper finish, interactions between various materials and
contaminants that can be found on an assembly will not be evaluated. Therefore,
while passing the tests is mandatory for approval of a material, it is no guarantee
for that it will not cause reliability problems when mixed with other materials and
contaminants that may be present on an assembly.

For this reason, it is required in IPC’s standard for soldered electrical and
electronic assemblies [29] that “The materials and processes used to assemble/
manufacture electronic assemblies shall be selected such that their use, in com-
bination, produce products acceptable to this standard. When major elements of
the proven processes are changed (e.g., flux, solder paste, cleaning media or
system, solder alloy or soldering system), validation of the acceptability of the
change(s) shall be performed and documented. They can also pertain to a change
in bare board supplier, solder resist or metallization”. It is up to the user and
manufacturer to agree how this should be done but an example of a method for
accomplishing it is provided in Appendix C to the standard.

The method in Appendix C is based on SIR testing and visual inspection after
finished test. It is specified that “The test vehicle should represent the substrate
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materials, assembly materials and fabrication processes used in the production.
The test vehicle circuitry must provide for SIR testing similar to the IPC-B-36
circuitry”. The IPC-B-36 circuitry consists of interdigitated solder lands to
LCCC68 components as shown in Fig. 10.4. Furthermore, “Components of the
type to be soldered in production representative of the ‘“hardest-to-clean” con-
figurations (in term of “shadowing” of the solder connections by component
bodies and component-to-substrate spacing) shall be included on the PWA”. Test
vehicles for products that will be used in non-condensing service environment
shall be tested in accordance with IPC-TM-650, Test Method 2.6.3.3 [47], whereas
test vehicles for products that will be used in condensing service environments
shall be tested in accordance with IPC-TM-650, Test Method 2.6.3, Class 3 [45].
In the latter case, the test vehicles shall be conformally coated using the same
coating material/application processes used in “delivered” hardware. In both
cases, it is THB tests. When testing according to Test Method 2.6.3.3, the test
vehicles are exposed to 85°C and 85% RH for 168 h. SIR measurements are
performed after 24, 96 and 168 h. A bias of 45-50 V DC is applied during the test
and measurements are taken using a test voltage of —100 V DC (i.e., reversed
polarity).

That is, the purpose of the method in Appendix C to IPC J-STD-001D is to
qualify the material combinations and manufacturing processes used for produc-
tion of a specific product. A similar approach is taken in the IEC standard 61189-5,
Test SE02: Surface insulation resistance, assemblies [50]. The test board to be used
for the measurements can be equipped with several types of components (QFP,
BGA, SO, surface mount and trough-hole mount connectors and surface mount
capacitors). These have circuitry similar to those shown in Fig. 10.4. The test
conditions for the IPC and IEC test methods are compared in Table 10.4.

Table 10.4 Test conditions specified for IPC test methods 2.6.3 and 2.6.3.3 and IEC test SE02

IPC Test IPC Test 2.6.3, Class 3 IEC Test 5E02
2633
Temperature/  85°C/85% RH 20 cycles 25-65°C/85-93% RH 40°C/93% RH" or
RH 85°C/85% RH
Duration 168 h 160 h Minimum 168 h
Bias 45-50 vDC 100 V DC 5,50 or 100 V DC®
Test voltage —100 V DC Optional® but with the same polarity 5 or 100 V DCP
as the bias voltage
Measurement  After 24, 96 Every third cycle Depends on bias and
frequency and 168 h test voltage®

#No-clean processes shall be tested at 40°C and 93% RH

"Three test conditions are suggested with the following bias/test voltage/test frequency:
50 V/100 V/24-96-168 h, 100 V/100 V/twice daily and 5 V/5 V/every 20 min

“To be specified in procurement documentation
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10.6.3 Test Methods for Evaluation of Performance
in Field Conditions

It is stated in IPC-9201 that SIR testing has been used as a predictive tool for
estimating service life [2] and in Appendix C to IPC J-STD-001D that the intent of
the testing is to show that a proposed manufacturing process change can produce
hardware with acceptable end-item performance [29]. To my knowledge, the
results from SIR testing have never been correlated to field performance. Field
conditions are usually quite different from the conditions used in the tests. For
most products, exposure to humid conditions will be followed by dry-up periods,
which will affect especially electrochemical migration. More important, although
the test conditions may seem severe, many field conditions are considerably
harsher than the test conditions. If condensation occurs on a biased non-coated
assembly, short circuits due to ECM will normally occur within a few minutes
even if the assembly is clean. Although IPC’s Test Method 2.6.3, Class 3 is
specified to be used for condensing service environment, condensation of water
does not normally occur in the test when free-standing assemblies are tested.
Furthermore, in many environments, and especially when forced-air cooling is
used, assemblies will be contaminated with fibres, dust and particles from the
environment [26]. Many of these contaminants contain hygroscopic and/or ionic
compounds which will degrade SIR and the resistance against ECM. Corrosion of
metallic surfaces due to corrosive gas pollutions may also affect SIR and ECM. All
these parameters must be considered when assessing how the service life will be
affected.

The problem is how to assess how the conditions in the field environment will
affect SIR and the risk for ECM. No studies, to my knowledge, have been per-
formed of how dry-up periods affect SIR and dendrite formation. A test method for
contamination with ammonium sulphate particles has been developed by AT&T
Bell laboratories [51] which could be used to study the impact of ionic contami-
nation from the field on SIR and ECM but that has not been done so far. During the
eighties, test methods were developed for evaluating the impact of corrosive gas
pollutions on the reliability of connectors [26, 52-54]. These could also be used for
evaluating the impact on SIR and ECM.

10.6.4 Acceptance Criteria

Even if the knowledge of how to adequately test SIR and electrochemical
migration is far from satisfactory, relatively much has been written about the
subject compared to what has been written about acceptance criteria.

There are two aspects on SIR requirements. First, a certain level of SIR is
required for the proper function of a PBA. Second, a certain level is believed to be
needed in order to avoid electrochemical migration, although this is not well
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understood. However, there is no standard that makes any distinction between
these two aspects, and thus it is not clear to which aspect requirements refer.
Obviously, in the first case, the required SIR may differ considerably between
different products even if they will be used in the same environment and, therefore,
acceptance criteria have to be application specific. The required resistance to avoid
dendrite formation will probably be less dependent on the function, i.e., in the
second case, the required SIR will be the same for products that will be used in
similar environments. However, since humidity and contamination levels in the
field environment will have a very large impact on both SIR and ECM, it will be
necessary to have different acceptance criteria for various types of applications
also when considering the risk for electrochemical migration.

10.6.4.1 Acceptance Criteria for SIR

A low SIR may alone be the cause of failures but the SIR level at which failures
will occur depends on the electrical requirements of the circuitry. Thus, SIR
measurements are useful for verification of the performance of a printed board
assembly, but SIR should then be measured directly with only a short stabilisation
period in order to avoid a drift of the measured SIR value. The drift of SIR during
measuring and the influence of previous measurements on later measurements may
be avoided by using an AC voltage at a low frequency of about 1 Hz [22]. Very
little has been done in this field but it may be the most relevant method for SIR
measuring, and efforts ought to be made to investigate this alternative more
deeply.

As already discussed, SIR is to a very large extent affected by humidity,
temperature and contaminants. Especially, hygroscopic contaminant may have a
large impact and can cause a sudden drop in SIR when the relative humidity
surpasses the critical humidity at which the contaminant becomes hygroscopic.
Hence, an informative test would be to screen the relationship between SIR and the
relative humidity in order to detect the presence of hygroscopic contaminants and
determine critical relative humidities. Since the critical relative humidity decreases
for many substances with increasing temperature (see Table 10.1), this screening
should preferably be performed at both a low and a high temperature. However,
since some residues may be decomposed or evaporated at high temperatures, for
example adipic acid and polyethylene glycol, extended exposure to high temper-
atures should be avoided [55].

A good example of a function-based, application-specific requirement has been
described by Mason [11]. The company’s most sensitive circuit had a device with
0.5-pA maximum offset current. Two guard tracks are used, each 25 mm long and
separated from the guarded track by 1.25 mm. The potential between guarding and
guarded tracks was 15 mV. Hence, the minimum required SIR was 3 x 10'° ohms
or 1.2 x 10'? ohms per square.
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10.6.4.2 Acceptance Criteria for ECM

Although it is not explicit expressed in the tests for SIR and ECM testing, it can be
assumed that specified acceptance criteria have been set based on the risk for ECM
even when they are called SIR tests.

Most SIR and ECM standards have numerical requirements. The requirements
usually differ between various standards. Even if the numerical requirement of the
SIR is the same, the test conditions may vary which, in practice, means differing
acceptance criteria. Usually there is a requirement that SIR shall not be less than a
certain value. Some electrochemical migration tests also require that SIR not
decrease more than one decade during the test [49]. Due to the experience that
dendrites normally form without any impact on SIR, some later standards also
have visual requirements regarding presence of corrosion, dendritic formation and
mealing of conformal coating [29].

IPC’s standard for soldered assemblies, J-STD-001D [29], is a good example of
the many uncertainties that arise when one tries to get a grip on the basis for the
acceptance requirement. In Appendix C, the acceptance requirement is that the
SIR value shall be not less than 100 Mohm. It is specified that the test pattern must
provide for SIR testing similar to that of the IPC-B-36 circuitry which is a leadless
ceramic chip carrier with 68 castellations (open circuit) mounted on a pattern with
interdigitated solder lands. Components of the type to be soldered in production
representative of the “hardest-to-clean” configurations shall be included on the
printed board assembly. Then, what does similar circuitry mean? The most likely
interpretation is components with open circuit mounted on patterns with inter-
digitated solder lands. However, any change in the number of connections and/or
pitch for a test pattern will, of course, influence the measured SIR and the
acceptance criterion ought to be adjusted but nothing is mentioned in the standard
about how to deal with that. Ideally, this can be handled using the ohms/square
concept [6]. However, since SIR does not follow Ohm’s law and contamination is
not usually uniformly distributed across the entire test pattern, it is stated in
IPC-9201 that normalisation of resistance to an ohms/square value is a question-
able practice [2]. Thus, the question remains how to adjust the acceptance criterion
in J-STD-001D to differing test patterns.

Furthermore, the reason for setting the acceptance criterion to 100 Mohm in
J-STD-001D is not given. When looking in previous IPC standards, it can be noted
that acceptance criteria for SIR tests usually are chosen in the range of 100-500
Mohm, although the test conditions and the test pattern may vary considerably. In
an IPC technical paper from 1985 [56], it is mentioned that the practice at that time
was to require a SIR of 100 Mohm but then only as a requirement for initial
resistance. When testing according to J-STD-001D, one can choose between two
test methods, one static for non-condensing service environment and one cyclic for
condensing service environment. The static test method has requirements for SIR
after 96 and 168 h of testing, whereas the cyclic test method has requirements
for SIR only after 160 h of testing. There is a tremendous difference between
specifying requirement for initial SIR compared to after 100-168 h testing.
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As shown by Chan [22], SIR may increase several decades on a contaminated
board during a test period of 100 h and approach values of a clean board. Thus, it
seems odd to disregard from initial measurements and have requirements on SIR
only after some days of measuring, as several standards have. Since no information
is given on the background to the SIR requirements in J-STD-001D, it is not
possible to draw any conclusion about the relevance of the requirements, nor to
justify the disregarding of initial SIR values. The correlation between low initial
SIR values and the risk for the dendrite formation needs to be explored more
deeply.

It can be noted that the newly developed test for surface insulation resistance of
assemblies in IEC standard 61189-5 [50] does not contain any acceptance criteria
at all. It only specifies how the test should be performed, how it should be eval-
uated and what the test report should contain.
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Chapter 11

Lead-Free and Other Process Effects
on Conductive Anodic Filamentation
Resistance of Glass-Reinforced Epoxy
Laminates

C. Zou, A. Brewin and C. Hunt

11.1 Introduction

Conductive anodic filamentation (CAF) is a failure phenomenon seen within the
bulk of glass-reinforced epoxy-printed circuit board laminate, used for the man-
ufacture of circuit assemblies. This distinct electrochemical failure mode was first
reported in 1979 [1]. Although the existence of the CAF mechanism has been
known for some time, currently there is an increase in concern about these effects.

There are three main drivers for this concern:

Continued requirements for increased circuit density, smaller via geometries
and increased layer counts in multilayer boards

e The increased use of electronics in harsh environments and for high reliability
and safety critical applications (automotive, avionics, medical)

e The use of lead-free processing in Europe (but affecting global market place)
after July 2006, which may affect laminate stability and material choices

The combination of these factors has increased the focus on the CAF phe-
nomenon. The mechanism proposed for CAF growth is based on an electro-
chemical corrosion of copper ions and the deposition of copper salts that are
influenced by electric field, ion concentration and pH gradients. The conductive
path is therefore the growth on the anode of a salt, compared to dendrite growth on
the surface of the board, which comprises metal ions depositing on the cathode.

In this study, a range of materials, board layout configurations, thermal events
and processing steps are investigated, and a robust test method for the assessment
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of CAF susceptibility for laminates is defined. Furthermore, the data for CAF
avoidance form the basis of guidelines for design and material choices.

11.2 The CAF Mechanism

There are sources describing the mechanism for CAF formation [2-5], but brief
overviews of the steps that take place in the formation of a CAF are described here.

11.2.1 Initiation

For CAF to occur there must be a source of copper, a electrical bias and a glass
reinforcement fibre in the same locality. In dense multilayer PCBs, this can often
occur at the via wall where the drilled hole has been seeded and plated, although
fibres protruding through the surface of PCBs to the locality of surface tracks have
also been reported [6].

11.2.2 Separation of Glass and Epoxy

If glass preparation is of poor quality, separation of the epoxy resin and glass fibres
can be more likely. Bonding can also be lost due to hydrolysis of the glass finish or
due to residual stress in the weave being relieved [1]. The absorption of moisture
into the laminate accelerates these processes, and the de-lamination can then
provide a pathway for CAF growth.

11.2.3 Electrochemical Reaction

With moisture present as an electrolyte and a pathway established, current may
begin to flow setting up an electrochemical process. The mechanism involves
oxidation and dissolution of copper at the anode, and if copper anions reach the
cathode, they are reduced back to copper metal. Other ions present from pro-
cessing or materials such as chloride, sulphur or other metals may also take part in
this process, as shown in following equations:

Anode : Cu) — Cu‘(’;D +n*
H,O — 1/202<g) + ZHZIq) +2°

Cathode :  2H,O + 2e” — Hy) + ZOH@q)

Cut

(aq) + ne — CU(S).
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The process shown here is for low-pH environment; inside the PCB, the process
is solubility dependent. The formation of copper at the cathode may not readily
happen since the cooper ion at the anode becomes an insoluble salt due to high pH
at the cathode. This solubility effect is responsible for CAF deposits growing from
the anode, a low-pH environment towards the cathode and a high-pH environment
and is illustrated in Fig. 11.1. Other ions present from processing, or materials,
such as chloride, sulphide or other metals may also take part in this process.

11.2.4 Salt Deposition

As the electrochemical dissolution of copper continues, a pH gradient is produced
due to the H" ions produced at the anode and OH™ ions at the cathode. In
Fig. 11.2, this is represented by a schematic of two vias, where the anode via wall
is the initiation site.

The formation of this pH gradient between the anode and the cathode is key to
the mechanism of CAF growth since the solubility of Cu* is dependant on pH and
the electrical potential applied. At the anode, a positive potential and low pH, Cu
will corrode to form Cu?* in solution. Under the electric field, Cu®* migrates along
the glass fibre/epoxy interface towards the cathode. Since pH increases from the

Fig. 11.1 Schematic of pH, 12 H(lgh
electric field and Cu —pH &
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8 - —Solubility g
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21 NV ~ o
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CAF growth (initially
proposed by Bell Labs) K g ]
‘- :
| Route for !
1CAF Growth!
17 ]
)
e
Production Low High | [ Production of
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anode to the cathode, copper ions Cu>* start to precipitate as an insoluble copper
salt. Built-up copper salt forms the conductive path (CAF).

11.2.5 Completion of Conductive Pathway

Catastrophic electrical failure occurs when the filament of copper salts bridge the
anode and cathode. Under humid conditions, the salts are conductive and will
allow a massive increase in current flow between the previously well-isolated
opposite-charged metal conductors in the electronic circuit.

11.3 Experimental
11.3.1 Test Vehicle Design

A The test board used in this study has ten layers and over 6,000 vias with a 32-tab
connector layout allowing connection to a test rack system for the application of
bias voltage and monitoring of leakage currents, as shown in Fig. 11.3 with the
comb area labelled.

11.3.1.1 In-line Test Combs

The in-line test combs A-D comprised alternate rows of either powered tracks or
tracks connected to ground as shown in Fig. 11.4. They have via-wall-to-via-wall
gap of 300, 400, 550 and 800 pm. The vias are in line with one another orientated
with the glass fibre weave. The via-wall-to-via-wall gap is the most common
failure site where CAF can occur. The closest point between each via pair is the
most likely point for CAF growth (example highlighted in Fig. 11.4). Test pattern
G and E were added to combs B and D, but with an orientation at 90° to the other
combs. This was done to investigate that any differences in the CAF susceptibility
might be sensitive to orientation between the warp and weft glass bundles.

11.3.1.2 Staggered Combs

The construction of staggered comb (comb F) is similar to that the in-line combs;
however, the via pairs are arranged at 45° to the glass warp and weft, as shown in
Fig. 11.5. This means that the most likely route for potential CAF growth is longer
since the orientation of the glass fibres may only permit growth in the horizontal
and vertical directions.
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Anti-pad combs (combs I-L) represent the potential failure site when a CAF may
grow between a ground plane in a multilayer board and a nearby via wall. There is
a surrounding copper plane at a potential to each via, as shown in Fig. 11.6. There
were four anti-pad comb patterns in the test board. Figure 11.7 then presents the
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Fig. 11.5 Schematic of

staggered test comb, with
possible failure site _I_ i z i
a
- <

Fig. 11.6 Schematic of anti-
pad test comb

configuration of combs I, J, K and L. The dimensions, apart from the changes in
the presence of pads, are the same for all four anti-pad style combs. I and J are a
pair, but with the polarity reversed, as are K and L. I and J have inner-layer pads,
whereas K and L do not.

11.3.2 Conditioning Effects and Variables Investigated

11.3.2.1 Test Voltage

In this study, four test voltages, 5, 50, 150 and 500 V were used to test the
samples, to establish the effect of test voltage on CAF formation.
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Fig. 11.7 Schematics of Comb I Comb J

configuration for anti-pad - I -
combs I, J, K and L
o  — — o  — — —
o  — —/ o  — — —/
o  — —/ o  — — —/
o  — — o  — — —
CombK _ Comb L
+ -
o — 1] —
o — 1] —
o — 1] —
o — 1] —

11.3.2.2 Reflow Exposure

Selected test coupons were exposed to three passes through a 5-zone forced
convection reflow oven. The boards were allowed to return to room temperature
after each pass before being passed through the oven again. Three different reflow
conditions are applied:

e No reflow—as a control condition

e SnPb reflow—typical of that used to reflow SnPb solder paste (eutectic 183°C)

o Lead-free reflow—typical of that used to reflow SnAgCu solder paste (eutectic
~217°C).

11.3.2.3 Laminate Supplier

The companies provide the base laminate materials (pre-preg layers, cores, etc.)
to the board house. In this study, the materials were from two material supplies
L and K.

11.3.2.4 Board House

Board house is the manufacturing site for the PCBs, where the Gerber data are used
to etch, drill and plate copper foils. The materials are placed in a press cycle to bond
all the layers together forming the multilayer board. A plethora of chemical
preparation, etching, drilling, alignment, masking and development stages takes
place during the construction of a multilayer PCB; the intention in this work was not
to investigate them all but to understand any significance of where boards are
produced. There were three board houses, A, B and C, participated this study.
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11.3.2.5 Glass Transition Temperature (Tg)

T, marks the onset temperature of segmental mobility for a polymer (the tem-
perature below which the polymer segments do not have sufficient energy to move
past one another). In practice, for FR4 composites, rigidity and co-planarity can be
affected once the T, is exceeded by a large margin, and so some may consider high
T, materials to reduce flex in lead-free production. The epoxy formulation for FR4
is often available as standard T, or high T,. High T, material is often specified for
high-temperature applications, although its resistance to thermal degradation is no
better than that of standard laminate. In order to see whether the T, of the laminate
epoxy used has any effect on CAF, performance stand and high T, materials were
investigated.

11.3.2.6 Drill Feed Speed

During drilling, the drill bit is driven into the laminate at a controlled feed rate
(Note: This is not the speed at which the drill spins). Faster feed speeds mean
quicker production; however, it has been postulated that forcing high feed speeds
results in more damage to glass fibres during drilling, which in turn could provide
a greater number of initiation sites for filaments. In order to investigate any pos-
sible trends in CAF resistance caused by the use of different printed circuit drill
speeds, four speeds 1-4 were used to make the board.

11.3.2.7 CAF Resistance

Suppliers can offer laminates that use resin cure systems marketed as CAF-
resistant. A known contributor to the problem is the curing agent dicyandiamide
(DICY), which is often eliminated from such materials. The effect of chemistry in
epoxy make-up (CAF- or non-CAF resistant) was investigated in this study.

11.3.2.8 Weave
Weave is the make-up of the glass fibres woven in the composite. There are three
generic glass weave types used in this study (2116, 2113 and 1080) and a com-

mercial unknown weave style. Variables include fibre diameter and number of
fibres per bundle and can be different for the warp and weft directions.

11.3.2.9 PCB Surface Finish

There are potentially a large number of chemical processes used in the application
of surface finish chemistries in board production. Since the CAF mechanism
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involves the migration of ions and the formation of copper salts, it is possible these
residues may impact on CAF formation. In order to investigate any possible trends
in CAF resistance caused by the use of different printed circuit-solderable finishes,
in this study the following finishes were used:

e NiAu—around 10 um of Ni as a protective barrier with around 0.1 pm of Au to
aid wetting

e Ag—0.2 um of silver covers the copper

e HASL—(hot air solder levelling)

e OSP—(organic solderable preservative)

11.3.3 Test Method

The samples were placed in an environmental chamber at steady-state conditions
of 85°C and 85% RH for 1,000 h. The temperature was increased ahead of the
relative humidity to prevent any condensation onto the samples. Throughout the
exposure, the insulation resistance (IR) of each comb pattern was measured and
logged every 60 min. The resistance measurement system was a 256-channel
Auto-SIR using a current limiting resistor of 10° Q.

Two typical IR versus time curve for a failed comb, measured during the 1,000-
h artificial ageing, are shown in Fig. 11.8. The decrease in IR as moisture per-
meates the laminate material can be seen in the first 10-20 h of the test. At about
47 and 136 h (in this example), the sudden catastrophic loss in insulation between
the vias in the comb reflected the CAF formation. The IRs do not drop below
10° Q due to the use of a current limiting resistor. Therefore, a important
parameter, the time to failure (TTF/hours), can be extracted from the IR-time
curve for each comb tested in this work. The IR-time curves and TTF data pro-
vided detailed information on CAF performance for all test variables, but it is
difficult to see the trend of studied variables.

Fig. 11.8 Typical IR versus 12
time curve for CAF-failed 11
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11.3.4 Normalisation of TTF Data for Trend Analysis

In order to study the effect of a particular variable (for example, below ‘reflow
exposure’) on CAF resistance, the TTF data were analysed and normalised in the
following procedure:

1. Group data to a set and average the TFT data for samples in which all other
materials and processing parameters are identical, except for the key variable,
which is then averaged across all test pattern designs. This means that the
effects of processes other than the key variable, e.g. reflow exposure, do not
influence trends. For example, the effect of reflow exposure (X) in group A
sample, the average TTF data for each reflow condition (TTFA,, TTFA, and
TTFA,) can be calculated across all test patterns, and average data from three
reflow conditions can be calculated as follows: TTFA ., = (TTF, +
TTF, + TTF,)/3

2. Normalise data for each group: For each group, the key parameter can be
normalised against the average for a particularly reflow condition a, and the
TTF data can be normalised using following equation: Aa = (TTFA, —
TTFAmean)/ TTFA pean.

3. Average normalised TTF for all groups: The normalised TTF for each key
parameter from different group will be averaged to assess the effect of key
parameters on CAF formation. For reflow exposure, average normalised TTF
can be calculated as follows: Xa = Aa + Ba 4+ Ca +--

11.3.5 EDAX Analysis of CAF

After failures had been established using the electrical monitoring technique,
selected combs were sectioned to locate and identify CAF. The area between the
failed vias was cut with a slow-speed wet diamond saw, close to the anode via wall.
Sequential polishing with 5- to 1-um particle polish was then used to move through
the sample towards the cathode until the CAF was located. A high-resolution
optical image of the CAF cross section was acquired, and the polished CAF sample
was carbon-coated and mounted for EDAX analysis. This allowed confirmation
that the electrical short detected was associated with a CAF failure, and underlined
the general approach of using electrical measurements to detect a CAF.

11.4 Results
11.4.1 Analysis of CAF

Figure 11.9 shows an example of elemental digital map produced for correlation
with the optical image of CAF. The elemental map shows presence of many



11  Conductive Anodic Filamentation Resistance of Glass-reinforced Epoxy Laminates 265

Fig. 11.9 Optical and EDAX images of a CAF sample

elements associated with the CAF. This confirms that electrical short detected was
correlated with the physical presence of CAF in the sample.

11.4.2 Normalisation of TTF Data for Trend Analysis

11.4.2.1 Effect of Test Voltage on CAF Failure (In-Line Comb)

Figure 11.10 shows the normalised TTF data for different test voltages. The figure
clearly showed that increasing test voltage will significantly shorten the time to
CAF failure. This is because CAF formation being an electrochemical process,
high test voltage will accelerate copper corrosion at the anode and then CAF
formation.

11.4.2.2 Effect of Reflow Conditions on CAF Failure

Previous study indicated that it was high peak reflow temperature that reduced
CAF performance, not thermal shock [7]. This suggests that the mechanism for
damage in the laminate is not based on TCE mismatch between the materials in the
composite FR4, but perhaps a chemical or physical breakdown at a certain tem-
perature. An investigation into reflow conditions was therefore undertaken, and the
normalised TTF data are plotted in Fig. 11.11. A significant trend for lower CAF
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performance after exposure to lead-free reflow conditions compared to tin—lead
reflow exposure can be seen. Whilst the reflow conditions used can be considered
worse case, this could be a concern for those who manufacturing high-reliability
multilayer product, especially with high via densities as they switch to lead-free
production.

11.4.2.3 Effect of Via to Via Gap on CAF Failure

Figure 11.12 shows the normalised TTF data for different in-line comb geome-
tries. Comparing the vertically aligned combs A to D, the increase in via to via gap
from 300 to 800 pm shows an increase in TTF. Thus, larger via to via gaps are,
unsurprisingly, more resistance to CAF growth.

11.4.2.4 Effect of Orientation of Vias to Glass Weave on CAF Failure

Figure 11.13 presents the normalised TTF data in different comb orientations. The
effect of weave can be seen with staggered vias being more resistant than those
in-line and horizontal combs being more CAF resistant than vertical combs. This
confirms that CAF is always formed along the fibre. The improvement in CAF
resistance for staggered vias is a consequence of there not being a glass fibre
running directly between vias, as represented in Fig. 11.5. It is also important to
note that the properties of the warp and weft fibres are different.
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11.4.2.5 Effect of Inner-Layer Pads and Via Polarity on CAF Failure

Figure 11.14 gives normalised TFF data for the anti-pad combs. Firstly, it is clear
that if the via is anodic (+ve bias), then the CAF resistance of the system is
dramatically reduced compare to a cathodic via system. Put another way, the CAF
grows much quicker from a via anode initiation site than from a copper plane
anode.

Secondly, one can see that there appears to be no significant change in CAF
performance as a result of the presence of inner-layer pads for CAF growing from
the via wall (combs J and L). This suggests that the CAF grows from the via wall
(associated with the ends of the glass fibres) and not from the edge of the inner-
layer pad (held in between the reinforced pre-preg layers away for the fibres). For
the case where CAF grows from the copper planes (combs I and K), the failures
are earlier for the configuration with inner-layer pads. This is because in this
instance the effective distance for the CAF to grow is reduced by the presence of
the pads (See Fig. 11.7).

11.4.2.6 Effect of Laminate CAF Chemistry on CAF Failure

The effect of chemistry on the epoxy make-up (CAF- or non-CAF resistant) was
investigated. The normalised TTF data are shown in Fig. 11.15. It can be seen that
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the use of a laminate formulated for ‘CAF resistance’ does indeed provide an
increased resistance to the onset of CAF. It does not eliminate, however, under
high-stress conditions.

11.4.2.7 Effect of Board House on CAF Failure

The number of processes and parameters involved in the manufacture of printed
boards is immense. Some have been specifically investigated as part of this work,
but there are many others that have not. Examples include lamination press cycle
(temperature, pressure, time), alignment accuracy, and copper seeding and plating
processes. For these processes, the production partners were asked to use their
standard production conditions for this type of board.

To establish whether there were any differences in product from different board
houses produced under “house” conditions, identical board samples were pro-
cessed at three locations, A, B and C. The normalised TTF data showing the effect
of manufacturing location on the CAF performance are shown in Fig. 11.16.
Clearly, the effect of where the laminate is manufactured has significant impact on
CAF. It can be seen that for materials manufactured at board house C, boards are
more CAF-resistant, and those produced at board house A were the least
CAF-resistant. This is a surprising result, and the cause of this is not understood by
the project group and could be an effect of one of many processes taking place
during the laminate build-up.
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11.4.2.8 Effect of Glass Reinforcement on CAF Failure

The effect of different styles of glass fibre reinforcement was investigated using the
samples with three weave reinforcements. The normalised TTF data are presented
in Fig. 11.17. 2,116 weave reinforcement shows higher CAF resistance than 2,113
and 1,080 weave reinforcements, but there is no significant difference in CAF
resistance between 2,113 and 1,080 weave reinforcements.

11.4.2.9 Effect of Drill Feed Speed on CAF Failure

Figure 11.18 presents the normalised TTF for the different drill speeds, and it
seems that there is no significant effect of drill feed speed for the laminates and

Fig. 11.17 Effect of glass
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Fig. 11.19 Effect of all variables studied on CAF performance

processing conditions used in the study. Sectioning of the samples did not uncover
any significant difference in the quality of the drill hole (i.e. copper plating ingress
into glass fibre bundles). Despite the higher feed rates, the drill hole quality
appeared to still be acceptable, resulting in little difference between the samples
tested. Perhaps the use of blunt or overused drills would give a greater differen-
tiation in drill hole quality.

11.4.2.10 Summary of Findings for All Variables

Some variables that have no significant effect on CAF performance are not detailed
here, and the effect of all variables studied are summarised in Fig. 11.19 although
the full report is available [7]. The difference in normalised time to failure as a
result of change in process and material is clearly shown in the figure.

11.5 Discussion

The test method developed in this study has been successful in measuring the
susceptibility of glass-reinforced epoxy laminates to CAF failures. Micro-
sectioning, polishing and EDAX analysis results have confirmed the presence of
CAF in test pieces. The presence of Cl, S, Ni, Zn as well as copper are associated
with the filament, suggesting chemical residues from many processes or materials
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can be involved in the electrochemical filament formation (e.g. nickel from ENIG
process, sulphur from plating baths, zinc from seeding chemistry, chlorine from
acid etch).

It has been demonstrated that CAF can be detected by the measurement of
changes in electrical resistance between through-hole via walls, or at other failure
sites within the test vehicle. When CAF bridges a gap between two conductors, the
loss of electrical insulation is rapid.

The method allows a comparison of material and processing parameters,
showing the relative beneficial or harmful effects on product reliability in terms of
potential CAF failures. It has been shown clearly that a main concern for those
designing and manufacturing electronic laminates must be the significantly earlier
failures promoted by decreasing geometries in multilayer board designs. For
electronics companies looking at technology roadmaps, this may be an important
limiting factor, especially for those with space/weight-sensitive applications, or
humid and aggressive end use environments.

After July 2006, electronics manufactured in the EU must be made with lead-
free solder, meaning an increase (commonly around 30°C) in peak soldering
temperature as a result of replacement of eutectic alloys. Data suggest that the high
peak temperatures seen in reflow operations have a detrimental effect on laminate
reliability, and so lead-free introduction will have an impact. Whilst laminates can
visually darken (when uncovered by solder mask) due to overheating, previous
research suggests that the insulation between surface PCB features remains
unaffected in lead-free processes [8]. Clearly, it is important that the same
assumption for sub-surface failures in multilayer boards is not made, as the risk of
CAF initiation and growth will increase.

One of the most interesting findings of this research is that the manufacturing
undertaken by the board house (etching, permanganate desmear, seeding, plating,
board lay-up, bonding/press cycles, etc.) has a significant impact of the resultant
resistance to CAF. Whilst the scope of this study did not cover an investigation
into these individual processes, it is clear that specifying materials alone are not
adequate, and for better product quality, board house processing needs to be
understood and controlled. There is certainly potential for further work in this
area.

The trends seen in the accelerated tests support the assertion that CAF always
grows from an anodic conductor and preferentially from copper associated with a
via wall. CAF can grow from other initiation sites, such as copper planes, but times
to failure are much longer. These findings fit well with the mechanism for CAF
proposed.

Damage of the glass reinforcement fibres during drilling is thought to be a cause
of ‘copper spears’ radiating from the plated via walls, concentrating the electric
field and becoming initiation sites for CAF growth. Whilst no significant depen-
dence on drill feed speed was observed in this work, micro-sections demonstrated
that the wall quality was good for all the samples. It may be that drill rotation
speed and drill quality are more critical in affecting glass damage and subsequent
copper ingress than is the feed speed for drilling. From Figure, it can be seen there
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are no significant points of copper ingress out from the plated via wall, and this
was typical of all samples sectioned across a range of materials. As such, this study
suggests that drill hole quality can be good even with high feed rates but does not
suggest that hole quality has no effect on CAF susceptibility. It is also evident that
with high-quality holes, CAF will still occur under high-stress conditions.

There are choices that can be made which can increase product CAF reliability.
Design choices include keeping via walls well spaced, and if possible, staggering
those that are close at 45° to the glass weave. By choosing ‘DICY’-free or
CAF-resistant laminate from the supplier, the risks of CAF can be much reduced,
but higher T, materials are not necessarily more resistant to CAF than those with a
lower T

11.6 Conclusions

The test method used in this study has proved to be sensitive for monitoring
changes in CAF resistance for laminates. The fundamentals of the technique are as
follows:

A multilayer glass-reinforced epoxy laminate test vehicle

e Manufacture and processing of the laminates using actual conditions for product

e Insulation resistance combs incorporating drilled and plated vias in proximity
representing a range of geometries

e Application of a DC voltage across vias to provide a driving force for CAF
growth

e High temperature and humidity exposure (85°C, 85%RH) for up to 1,000 h

e Frequent monitoring of insulation resistance to determine the time to failure for

each test comb

The following parameters have been found to have a significant effect upon
CAF resistance:

e Design Geometries
— Via to Via Gap

Vias closer together are more susceptible to CAF, even at the same voltage
gradient

— Via and ground planes
Anodic vias fail faster than geometrically identical cathodic vias
— Inner-layer pads

Reduced CAF resistance for geometries where CAF growth is initiated from
copper plane, which have an intrinsically higher resistance in any case
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Alignment to reinforcement

— Warp and weft directions can show markedly different resistances to CAF,
both must be examined

— Vias staggered at 45° to the lay-up have a resistance to CAF greater than those
aligned with warp or weft with the same gap

Voltages

— Higher voltages decrease time to failure at the same geometries

Laminate System

— ‘CAF-resistant’ (DICY-free) resins reduce the risk of CAF formation
— Identically specified laminate from different suppliers can have different CAF
performance

Reflow Conditions

— Peak temperatures of 250°C in reflow are potentially harmful to the CAF
performance of laminate

Manufacturing

— Processing of laminate at board houses has a significant effect upon CAF
performance

The following parameters had less significance with regard to CAF
performance:

Board’s solderability surface finish
Drill feed rate during via drilling
Presence or size of inner-layer pads
High/Low T, designation of laminate
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Chapter 12
PCB Delamination

I. Baylakoglu and E. Hedin

12.1 Definition of Terms

The two light areas on the surface of the PCB are delaminations. They are effective
blisters of air inside the board. During reflow, wave soldering or rework, moisture
in the board expands causing the blisters (Fig. 12.1).

12.1.1 Blistering

Localized swelling and separation of base material or base and copper.

12.1.2 Delamination

Separation between layers of the base material and/or between the base materials
and the copper. A separation between any of the layers of a base material or
between the laminate and the conductive foil, or both. Delamination is not mea-
sling. Delamination is a rejectable defect, measling is not.
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Fig. 12.1 Several optical
views of PCB delamination

(1]
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12.1.3 Measling

Separation of glass fibers from the resin at the weave intersection, measling is seen
like white crosses where the fiberglass bundles cross through each other. That
becomes the weakest point where fracturing occurs (or slight disbonding).
Measling, by definition, occurs only at the intersection of two fiber bundles within
the lamina.

12.2 Definition of What is a Failure

A delamination of the composite layers of a circuit board may be a result of
overheating encountered during operation environments or soldering by repair
personnel (Figs. 12.2, 12.3).

The CTE mismatch in the material during the soldering cycles together with
poor adhesive properties are the main reasons. This might occur in large solid Cu
planes (bad adhesive) and/or blind vias (large CTE mismatch in the z-axis).
Absorbed humidity causes high vapor pressure in the laminate, during the sol-
dering process this may also contribute.

Another problem is moisture trapped between the board layers occurring during
the PCB production. This will happened if moisture is not fully evaporated or if the
material is not correctly cured during production. Large copper plane inside or on
the board will raise the risk for delamination.

The delaminations reduce board integrity and can permit moisture to pervade its
structure, thereby increasing the probability of metal migration.

Fig. 12.2 Delamination
between two layers
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Fig. 12.3 Severe visual seen
delamination on backside of a
board

12.3 Mechanism

12.3.1 Effect of Td (Decomposition Temperature)
and CTE Mismatch

Lead-free peak assembly temperatures can reach point where resin decomposition
begins. Higher temperatures result in increased thermal expansion which gives
stress on plated holes, buried vias and between copper and laminate as a result.

12.3.2 Effect of Moisture

Vapor pressure of water is much higher at lead-free assembly temperatures.
Absorbed moisture can volatilize during thermal cycling and cause voiding or
delamination. PCBs that initially pass lead-free assembly testing may exhibit defects
after storage in an uncontrolled environment, as a result of moisture absorption.

12.4 Test Methods to Activate the Mechanism
12.4.1 Standard Test

12.4.1.1 Moisture Absorption

Tendency of a material to absorb moisture from the surrounding environment. This
can be assessed by more than one method, including water soak or in an increased
pressure and humidity environment.
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12.4.1.2 Time to Delamination

While not a fundamental property, measures the time for delamination to occur at
a specific temperature, e.g., 260°C (T260) or 288°C (T288).

It is related to decomposition temperature and adhesion between material
components. Thermal expansion and moisture absorption can also influence
results. In multilayer PCBs, the treatment of the internal copper surfaces is also
critical.

12.4.1.3 TPC-TM-650, Time to Delamination Method

The specimens for this TMA test are 6.3 mm x 6.3 mm squares cut from the PC
board and dried in an oven at 105°C for 2 h to remove moisture. The TMA probe
force is 0.05 N. The IPC procedure considers a delamination time greater than
10 min at 260°C as acceptable.

12.4.1.4 Decomposition Temperature, Td

Measures weight loss from resin degradation as a function of temperature. Td is
typically defined as the point at which 5% of the original mass is lost to decom-
position, but other levels can also be reported, e.g., 1, 2% or “onset.” Resin
decomposition can result in adhesion loss and delamination. A 5% level of
decomposition is severe, and intermediate levels are important for assessing
reliability since peak temperatures in lead-free assembly can reach onset points of
decomposition. A high Td by the 5% definition does not guarantee performance.
Conversely, a low Td by the 5% definition is not necessarily bad if the onset
temperature of decomposition is high enough.

12.4.1.5 Peel Strength

The preferred technique for measuring the robustness of an adhesive joint has for
many years been the peel strength test. Several methods are available for this
measurement in IPC-TM-650. The test is usually performed on a tensile testing
machine. The test coupon is composed of a copper foil that is laminated to a
PCB substrate. A small width of laminated copper foil is pulled vertically from
the sample, and the force required is measured. This force divided by width of
the copper foil is referred to as the peel strength. Often this test is performed at
an elevated temperature in an attempt to account for the thermal effects of
assembly.
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12.4.2 Product-Dependent Test

Delaminations are design dependent; many layers, double-sided mounting,
repairable products, unbalanced copper etc., will raise the risk for delamination.
Therefore, it may be necessary with additional tests for advanced PCB to secure the
quality of the design with chosen material. Two tests are briefly described below.

12.4.2.1 Test on Bare Board (PCB)

Run the PCB in a standard reflow profile for n cycles. Number of cycles is set from
the mission profile point of view. If possible, run the boards until they start to
delaminate. This is made to ensure that the PCB has enough margins for pro-
duction and repair.

12.4.2.2 Test on Fully Assembled Boards

Bare board is not always the same as mounted board in thermal behavior. For high-
reliable products, it is sometimes necessary to test the boards with components as
well. This is especially important for large boards that have components with large
difference in thermal mass.

This test is run if the PCB test above shows out to have no or small margins.

Run the boards in its ordinary soldering profile with components for max 10
cycles or until they delaminate. The test is approved if the boards will pass the
number of cycles set in the mission profile.

12.5 Delamination Detection Methods
12.5.1 Visual Inspection and Microsectioning

Delamination on the surface layers and severe delamination can be seen with
visual inspection.

Since buried vias are one of the critical delamination zones, it is possible to
microsection areas with buried vias and look for delamination.

12.5.2 Terahertz Imaging

The two modes of imaging available using terahertz radiation are reflection and
transmission mode; however, the techniques for acquiring images are similar for
both modes. In transmission mode, the acquired image is the result of any radiation
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that was not completely blocked or absorbed, whereas for reflection mode the
image is created from the reflected energy.

Because different materials attenuate terahertz radiation to different extents, the
variation in amplitude can be measured to create an image.

Furthermore, since the terahertz pulse is very narrow in time (sub-picoseconds),
it covers a broad frequency spectrum. The transit-time of the THz pulse can also be
measured. This is also known as a time-of-flight measurement. The time-of-flight
measurement effectively measures the change in optical path length that occurs
due to either variation in thickness of the sample or changes in the refractive index.

These techniques and imaging modes are collectively characterized as terahertz
time domain spectroscopy (THz-TDS) or T-Ray imaging. The application of ter-
ahertz imaging for detecting failures in printed circuit boards and electronic
components is feasible for many types of failures.

EOS or ESD mechanisms contribute to a large number of integrated circuit
failures. A catastrophic failure may result in relatively large-scale delamination or
other deformation that still remains hidden during visible light inspection. And non-
catastrophic failures often result in modification of substrate or trace properties.

Using reflection mode THz imaging, detection of such damage in integrated
circuits is possible down to a spatial scale of approximately 100u. On the scale of
the entire printed circuit board, stress-related cracking and board layer delami-
nation are candidates for detection with terahertz imaging. While IC imaging can
be performed primarily in reflection mode, board level imaging can be performed
in either reflection or transmission mode. The determining factors are the number
of composite layers of which the board is constructed and whether the number and
density of metal layers permits adequate information to be acquired. Finally,
in situ imaging of PCBs requires interpreting the imaging results of complex
boards with multiple components.

12.6 Process Mission Profile

Some designs will experience peak temperatures of around 245°C, while others
will experience peak temperatures of up to 260°C, or even higher in a few cases.
Some boards may experience 2-3 thermal cycles, others up to 5-6, and more
depending on how many reworks are allowed.

It is important to know and set requirements at the PCB that are relevant for the
product.

12.7 Design Rules

Below are some rules of thumbs for PBA design.

e Always order PCB as lead-free soldered LFS board with relevant requirements.
e To achieve better adhesion of the copper areas to the laminate.
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e Add openings in the Cu area if needed.

e Avoid (if possible) deep buried vias

e Using porous power and ground plane materials in PCBs allows liquids (e.g.,
water and/or other solvents) to pass through the power and ground planes, thus
increasing failures in PCBs caused by cathodic/anodic filament growth and
delamination of insulators.

e Components with high thermal mass shall if possible be even distributed over
the board.

It is also important to know that the vendors continuously introduce new and
improved materials with better thermal performance and filling materials for blind
vias with better z-axis property.

12.8 Reference to Existing Standards

Mostly used standard documents for military, commercial and space applications
related to delamination are listed below:

MIL-PRF-55110 Printed Wiring Board, Rigid General Specification For (rev. G)
A3.6.5

IPC-A-600 Acceptability of Printed Boards (2.3 and 2.3.3) (rev. H)

IPC 4101, Specification for Base Materials for Rigid and Multilayer Printed
Boards (rev. C)

ECSS-Q-ST-70-10C Qualification of Printed Circuit Boards

Reference

1. Assurance Technology Corporation (http://www.assurancetechnology.com/FA3.asp)
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Chapter 13
Excessive Warpage of Large Packages
During Reflow Soldering

Bart Vandevelde

Abstract During a solder reflow process, IC components deform under a rather
excessive temperature loading. A too high warpage at temperatures above solder
melting can cause either that the joints in the corner are not soldered to the PCB
pads or that the solder joints are shorted due to strong compression of the corner
joints. In this work, the warpage of a 35 by 35 mm? large PBGA package has been
measured during a temperature profile, which is similar to a lead-free soldering
process. It was found that the warpage becomes very high when the applied
temperature is above the glass transition temperature of the overmould material. At
that moment, there exists a very large CTE mismatch between the overmould and
the BT laminate. The warpage measurements have been successfully verified by
Finite Element Modelling, at least when the right material properties are used. This
proves that modelling can be used as an estimator of warpage for packages. Also
the impact of initial moisture uptake has been experimentally investigated, and it
was shown that it has a dominant effect on its warpage behaviour. Finally, a FEM-
based parametric study shows the impact of several design parameters.

13.1 Warpage Issues during Reflow Soldering

IC packages consist of different materials, having a different coefficient of thermal
expansion (CTE). Under a temperature change, the different mechanical expan-
sions cause internally acting forces and this finally results in internal mechanical
stresses and deformations of the package in order to find equilibrium of the internal
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forces. When the package is not symmetric over the cross section, an out-of-plane
deformation will also be seen as the forces causing bending moments.

During a solder reflow process, IC components deform under a rather excessive
temperature loading. This temperature goes up to 230°C for SnPb soldering, and
260°C for lead-free soldering [1]. A too high warpage at temperatures above the
solder melting temperature can cause both open and shorted solder interconnec-
tions. Figure 13.1 depicts both cases. The effect of the global bowing is that the
corner areas are bending downwards, and as a consequence, it causes compression
of the molten solder joints which can shorten when the compression becomes very
high. The opposite can also happen. When the package is bowing upward, the
corner joints do not make contact at melting temperature resulting in open con-
nections, or even worse, so-called frozen or “cold” connections. These intercon-
nections only make a mechanical contact, giving no failure at room temperature.
However, they start to disconnect again at higher temperatures, e.g. in operation
mode.

As warpage is typically proportional to the square of the package size, large
packages are more vulnerable to these soldering problems. The overmould prop-
erties also play a very important role: both its 7, (glass transition temperature) and
the mechanical properties above T, are very important for the warpage at soldering
temperature, as will be shown in this chapter.

This phenomenon of interconnection problems due to excessive warpage during
solder reflow is strengthened by the change from SnPb to lead-free soldering,
which requires a 30°C higher melting temperature.

Also moisture absorption has a large impact on package warpage as during
heating up, the swelling (internal vapour pressure) of overmoulds and other
polymer-based materials causes extra deformation of the package.

Section 13.2 discusses the warpage problems of a 35 by 35 mm? large PBGA
package. The warpage of this package has been measured during a temperature
profile which is similar to a reflow soldering process. It was found that the warpage
becomes very high when the applied temperature is above the glass transition
temperature of the overmould material. At that moment, there exists a very large
CTE mismatch between the overmould and the BT laminate.

Section 13.3 shows how initial moisture absorption results in a different war-
page profile during the soldering process, causing higher warpage at maximum
temperature and also package cracking problems after the soldering process [2, 3].

Fig. 13.1 Schematic drawing of excessive warpage at reflow temperature resulting in shorts
(left) or opens (right) after soldering
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In Sect. 13.4, a simplified analytical model is derived to calculate the critical
warpage as function of ball diameter and ball pitch.

Section 13.5 depicts that finite element modelling (FEM) can predict the
measured warpage for this particular PBGA when the right (measured) material
properties are used. Using this FEM, a parametric study has been performed
showing how dimensional and material parameters influence the warpage of
PBGA packages.

13.2 Experimental Study: Warpage of a Regular
35 by 35 mm” PBGA Package during Reflow Soldering

In this section, the warpage behaviour is characterized for a particular large PBGA
package (Fig. 13.2). The objective is to measure the warpage during a reflow
profile, similar to a soldering process profile used in regular Printed Circuit Board
(PCB) assemblies. In particular, the warpage at temperatures above the melting
temperature of the solder material is of high interest in this study.

Although the results are specific for one package concept with specified
dimensions, it very well clarifies the problem and is representative for all large
laminate-based packages. Package with metal slugs will need a different study as
the metal leadframe is much stiffer than the BT laminate.

13.2.1 Sample Description and Preparation

For this study, a PBGA package is selected with a die glued on a BT laminate and
encapsulated by an overmould material. The size of the package is 35 by 35 mm?,
and the die size is 13 x 13 x 0.3 mm’. The BT laminate has a total thickness of

E Overmould ;

Fig. 13.2 Picture and schematic drawing of the PBGA 35 x 35 mm?® package
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0.47 mm, including 4 copper layers. The overmould cap is 1.15 mm thick and
ends at 2.5 mm from the side of the BT laminate.

In order to avoid the impact of any moisture uptake, the samples have been
dried for 3 days at 120°C. In total, 5 samples have been measured in order to have
a statistical average.

13.2.2 Warpage Measurement Method

In order to measure the warpage as a function of the temperature, the Topography
and Deformation Measurement (TDM) system from Insidix has been used [4, 5].
The measurement concept is based on the fringe projection Moiré technique. It
measures the topography as the difference between a reference horizontal surface
and the measured surface. This reference surface is a calibration sample that is
perfectly flat and homogeneous white and is measured beforehand. Known light
patterns of stripes are projected on the PBGA sample and viewed by CCD camera.
The outcome of one measurement is the out-of-plane profile, as shown in Fig. 13.3
for the PBGA sample. Infrared heaters are warming up the sample, while the
temperature is measured using a thermo-couple touching the BGA sample. Fig-
ure 13.3 shows the topography of this PBGA package measured at 228°C. By
measuring the topography at different temperatures, the out-of-plane expansion
versus temperature is characterized.

The warpage is defined as the difference in out-of-plane displacement between
the centre and the corner (not the difference in z-height!). By definition, the
warpage has a positive sign when the corners are deforming downward compared
to the central area.

Fig. 13.3 Topography of the 35 x 35 mm?® PBGA, measured by the TDM equipment at 228°C
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13.2.3 Results

A typical reflow temperature profile has been applied to this package, with a
maximum of 228°C (Fig. 13.4). In total, 5 samples have been measured and a
statistical average is made to determine the warpage values [6].

The first experiment presented in this chapter is the warpage profile measure-
ment for a dry sample. Figure 13.4 shows the out-of-plane profile for this package
at 22°C (initial temperature) and at 228°C (=maximum reflow temperature). At
22°C, the warpage is almost zero, while at 228°C, the warpage is visibly high
(Fig. 13.5).

The difference between these measured profiles and a perfect non-warped
PBGA profile give the out-of-plane deformation, which is shown in Fig. 13.6. At
22°C, the warpage is about —50 pm. At 228°C, the warpage is +450 pm.

The warpage has been measured at different temperatures, both in heating and
cooling. The result for this sample is shown in Fig. 13.7.

At room temperature, there is a small warpage of about 50 um. This warpage is
almost constant up to 170°C. Above this temperature, the warpage substantially
change and the corner start to bend downward. At that moment, the actual tem-
perature goes over the glass transition of the overmould, resulting in a high CTE
mismatch between the overmould and the BT laminate (while they are quite well
matched below 170°C). As a consequence, the corners start to warp downward and
this becomes very high at the maximum temperature of 228°C. A maximum
warpage of 450 pum is achieved.

Five different samples have been measured, and the difference in warpage
values between the samples was rather small. Moreover, no significant difference
was found between the initial deformation and the deformation after a reflow
cycle. Therefore, the deformations were fully reversible and consequently, no non-
linear deformations such as plastic yielding, creep deformation or cracks are
noticed. For one sample, a second succeeding reflow temperature step was applied,
and the warpage nicely followed the same warpage profile as the first reflow cycle.

Fig. 13.4 Temperature Temperature (°C)
profile applied to PBGA
250
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=
200 ,/ Se

150 / \
100 S
| N
7 B
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Time (min)
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Out-of-plane profile (mm)
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Fig. 13.5 Out-of-plane profile (topography) measured by TDM equipment (along the diagonal)
13.3 Impact of Moisture Absorption on Warpage Behaviour

Although components are supposed to be fully dry, some moisture uptake can not
be avoided. In this study, we analysed how two extreme conditions of moisture
absorptions have an impact on warpage behaviour during reflow cycling. These
two conditions are as follows:

e 168 h at 85% humidity, 85°C
e 18 h at 100% humidity, 120°C

! g“ 4.1 mm
0.005 0e
0.01 5 0.55
0.015 ib 05
0.02 0.45
0.025 15 0.4
9.02 i 0.25
0.025 204 23
0.04 ;
0048 25 4 0.25
0.05 20 0.2
0.055 3-15
0.08 25 .
0.085 3-05
NM mm NM

Fig. 13.6 Out-of-plane deformation at 22°C (left) and 228°C (right)
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Fig. 13.7 Warpage measured by TDM equipment during a reflow process
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Fig. 13.8 Out-of-plane profile of a dried sample and a sample which has been preconditioned at
85°C/85% humidity for 168 h (both graphs are measured at 22°C)

After being in the moisture oven, the initial warpage is already very different
from the dried sample, as shown in Fig. 13.7. The additional bowing is caused by
the expansion of the overmould due to the moisture uptake

Figure 13.8 shows the warpage during the reflow profile for the moistured
samples versus the dry samples. Due to the moisture uptake, the component has an
initial warpage of +200 pm, which is caused by swelling of the overmould due to
moisture uptake. There is no difference found between the two preconditions
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Fig. 13.9 Measured warpage during a reflow temperature profile (from room temperature to
230°C and back)

Fig. 13.10 Cross section of PBGA after a reflow profile. The top PBGA was dried before reflow,
and the bottom PBGA had an 85°C/85% preconditioning and shows after reflow serious
delamination

(85% and 100%). Probably the overmould is fully saturated with moisture for both
preconditions. After the reflow process, the warpage does not come back along the
same curve, but will return to a warpage of about —150 pm. The reason is
delamination that was observed between the overmould and the BT laminate and
between the overmould and the die. The existence of cracks results in a different
stress situation and consequently different bowing (Figs. 13.9, 13.10).

13.4 Analytical Calculation of the Critical Warpage

This section shows a first-order analytical calculation of the critical warpage weyit.
This critical warpage is defined as the global bowing of the package needed to
shorten the corner joints.

Initially, the solder joint has the shape of a perfect ball or sphere with a radius
of rpa1- When bowing of the package results in downward bending of the package
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Fig. 13.11 Schematic description of uncompressed “spheres” vs. compressed “ellipsoids”. The
ellipsoids touches each other when “a = pitch/2”. The critical warpage is defined as
Werit = 2(roan — b)”
corner, the solder volume becomes an ellipsoid with an equatorial radius ‘a’
(>rpan) and a polar radius ‘b’ (<rp,;). When ‘a’ becomes half the pitch, the two
neighbouring ellipsoids touch each other (Fig. 13.11).

It is possible to calculate the critical warpage as follows. The volume of the
sphere with radius ‘r,,;’ is given by

4n 4
V:?rball (131)

The volume of the ellipsoid (compressed solder joint) with equatorial radius ‘a’
and polar radius ‘b’ is given by:

1% :?a2b (13.2)

The critical warpage at which the two ellipsoids touch each other is achieved
when following condition is fulfilled:

pitch Werit
a:T_)b:rball_—

2

As the volume of the ellipsoid is equal to the one of the perfect sphere, the
critical warpage can be calculated as follows:

4 4 (pitch\ 2 !
V:—nazbz—n(g) (Vball_@ :_nrgall (13.4)

(13.3)

3 3 2 2 ) 3

Solving this equation, the critical warpage where the two ellipsoids touches
each other is given by:

2rpan\ > dran \°
erit = 27pan |1 — 2 = dya |1 — 2 13.5
Werit & Hl (pitch) 1 b Hl (pitch) 1 ( )

with dyp, is the sphere/ball diameter (=two times the ball radius). This relative
simple formula clearly depicts that the allowed warpage before ball shorts
decreases when the ratio of the ball diameter over the pitch is higher. This is




292 B. Vandevelde

0.5 - ]
1 —o—dball =

= 0.45 /D 0.76mm
£ 0.4 1 3
o 0.351 7+ dball =
o 05mm
> 03
2 0251 —— dball =
E 021 04mm
S 0.5 < dbail =
:E‘ 0.1 0.3mm
© 0.05 -

0 14 'n! . —— - . , . !
03 04 05 06 07 08 09 1 11 12 13
Pitch (mm)

Fig. 13.12 Critical warpage as function of the pitch for different ball diameter sizes

obvious as the free distance between the balls become smaller. Figure 13.12 shows
for different ball sizes the critical warpage as a function of the pitch.

In the 35 by 35 mm” PBGA package presented above, the pitch is 1.27 mm and
the ball diameter is 0.76 mm. Using these numbers, the critical warpage is:

0.76\°
Werit = 0.76 * (1 — <m> > = 0.488 mm (13.6)

This value is only 40 pm higher then the maximum warpage seen for this
package (Fig. 13.9), and this shows that warpage could become critical for shorts
at the corner balls. Little moisture uptake by the component can result in some
higher warpage at reflow temperature with solder shorts as consequence.

13.5 Prediction of Warpage of Large Packages using Finite
Element Modelling Simulations

Finite element modelling is a useful tool to simulate thermally induced mechanical
deformations of IC packages. In this work, the objective is to simulate the same
warpage trend as found in experiments.

13.5.1 Simulation of Warpage during a Reflow Profile

A 3D finite element model is built for this package (Fig. 13.13). Nonlinear
material properties are applied both for the overmould and BT laminate, in order to
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Fig. 13.13 3D Finite Element Model simulating the thermally induced mechanical deformation
during a reflow process
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Fig. 13.14 Comparison of FEM and experiment for the PBGA 35 x 35 mm? package at 228°C

be able to include the 7, for both materials. For the overmould material, own CTE
and E-modulus measured data are used as they differ a lot from the datasheets
provided by the material supplier. For example, the measured T, of the overmould
was 170°C, while the datasheet mentioned 210°C. As already shown in Fig. 13.7,
the T, plays a dominant role in the warpage behaviour at the highest temperatures.

With the right material properties, a very good agreement was achieved
between the simulated and measured warpage. Figure 13.14 shows a perfect fitting
of the bowed top surface of the PBGA at 228°C. Figure 13.15 depicts that the
finite element model predicts very well the warpage as function of the temperature.
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Fig. 13.15 Comparison of FEM and experiment for the warpage versus temperature for the
PBGA 35 x 35 mm’

13.5.2 Parametric Study for PBGA

The Finite Element Model proved to be very reliable tool to predict warpage of the
35 x 35 mm? PBGA package. Therefore, a brief parametric study was performed
to analyse the impact of some dimensional and material parameters.

13.5.2.1 Chip Dimensions

Figure 13.16 shows that a thicker and larger die decreases the warpage. The
explanation is that the die with a high E-modulus of 169 GPa is a stiffener for the
package

13.5.2.2 T, of Overmould and Maximum Reflow Temperature

Figure 13.17 shows that warpage increases with low T, and higher reflow
temperature. This graph also shows the impact of the transition to lead-free
assembly. Looking to the middle curve (T, = 165°C), the warpage is below the
critical value for SnPb soldering (maximum of 230°C), but appears in the dan-
gerous zone for SnAgCu soldering (up to 260°C)
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13.6 Guidelines

In order to avoid bad solder interconnections after reflow assembly (induced by
strong warpage), following guidelines are summarized below:

It is very useful to measure the warpage of a package during a reflow cycle.
It will show you the warpage above solder liquidus, and together with some simple
analytical calculations of critical warpage, you can predict whether problems could
be expected or not.

Finite Element Modelling can very well predict the warpage as function of
temperature, supposing that the right material properties are used. In that sense, it
is highly recommended to measure the material properties yourself, in particular
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the properties of the overmould. Datasheets often overestimate the glass transition
temperature of overmould, typically with 30°C.

In general, warpage becomes higher with increased package size and increased
temperature. So, if a design change results in such a change, you have to be aware
of potential problems.

Moisture absorption has a substantial impact on the warpage of the package.
Large moisture absorption can even result in cracks after reflow, but also small
moisture absorption already can have an impact, at least if the warpage of a dry
sample is already at the limit. In that case, it is highly recommended to dry the
components prior to reflow soldering.
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Chapter 14
Popcorn Cracking

Rainer Dudek

14.1 Introduction

Interface delamination and popcorn cracking are among the most common reasons
for mechanical damage in plastic packaging. Alpern et al. [1] formulate the
popcorn mechanism as follows: When a plastic IC package is exposed to normal
ambient air (temperature, humidity), moisture diffuses into the molding compound
(MC) of the package. The absorbed moisture causes the degradation of adhesion
strength of the package’s various material interfaces. During printed circuit board
(PCB) reflow soldering, an IC package is subjected to solder shock temperatures,
typically between 220 and 240°C for conventional SnPb solder, but up to 260°C
for lead-free solder. Thermal stresses caused by thermal mismatch between the
package’s constituent materials may cause delamination of the die-pad/MC
interface. Absorbed moisture then diffuses into the delaminated gap resulting in a
vapor pressure build-up and subsequently in the doming of the MC underpad layer.
When the maximum stress caused by the doming exceeds the MC strength,
package cracks occur (“popcorn effect”), see Fig. 14.1.

In general, one distinguishes between three types of popcorn failure modes in
relation to the starting interface of the cracks. Mode I refers to cracks emanating
from the die-pad backside/MC interface delamination, mode II from the die-attach/
die-pad delamination and finally mode III from the chip surface/MC delamination.
A polyimide chip coating is normally used to curtail mode III failure. Mode I is the
most common failure mode in conventional plastic IC packages.
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Moisture induced delamination growth and “Popcorn” mechanism

« polymeric encapsulant absorbs moisture during manufacturing and storage

« during PCB assembly, package is subjected to soldering temperature (215-260 °C)
« effects can also happen in service, if use temperature exceeds 150 °C

« absorbed moisture diffuses towards delaminated interfaces (pores, initial flaws,
thermal-hygroscopic stress induced initial delaminations)

« vapor pressure build-up, growing delamination

« eventually package cracking (“Popcorning”)

Popcorn Types

« type |: cracking from die pad backside/ MC

interface Characteristic

« type ll: cracking from die attach/ regions of high

die pad interface (initial) delamination
« type Ill: cracking from die surface/ risk

MC interface

Fig. 14.1 Schematic of vapor pressure-induced delamination and “popcorn effect” in plastic
packages

Fig. 14.2 Schematic of

stress sources in plastic

packages Chemical Shrinkage | Moisture Diffusion
During Curing '\ / and Vapour Pressure

Moisture Swelling

Stress in
Thermoset Electronic
Compounds

History Dependent ~ Inner thermal mis-
Relaxation | match,e.g. fiber-resin

(Outer)
Thermal Mismatch

14.2 Stress in Plastic Packages

Obviously, the phenomenons are related to stress build-up in plastic packages,
which might depend on several sources, see Fig. 14.2, the most important one
being thermal mismatch. Other sources of package stresses are linked to the action
of moisture, as can be observed from Fig. 14.3. According to Koh et al. [2], three
property characteristics of the polymers involved are to be considered for reducing
the package failures: adhesion strength, moisture absorption, and stress relaxation.
The last characteristic is dependent on the material mechanical properties such as
the modulus of elasticity, flexural strength, fracture toughness, and the glass
transition temperature.

Since package cracking is mainly caused by vapor pressure, moisture absorp-
tion and desorption properties of the molding compounds are studied by various
authors [3, 4]. They pointed out that both the moisture content and the distribution
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* Global Effect
- Induces hygroscopic stress  —————"> Oy,

Differential moisture% (of

- Alters thermal stress

Lower modulus, glass transition temperature Tg etc.

* Local Effect (at a critical interface)

- Reduce interfacial adhesion strength

- Induces vapour pressure during solder reflow

Fig. 14.3 Schematic of effects of moisture in plastic packages

of moisture in regard to the critical interface affect the popcorn resistivity of the
packages. Moisture diffusion calculations based upon a one-dimensional simplified
diffusion model were applied to calculate the moisture content near the die-pad.

For thin packages investigated, moisture saturation of the encapsulant material
is reached fast and concentration gradients become meaningless. Additionally, the
typical delamination mechanism at the lower die-pad/encapsulant interface, which
is addressed by most of the popcorn models, was seldom observed for thin
packages.

14.3 Experimental Observations

The popcorn phenomenon for PQFP packages can be studied by high-speed
camera investigations. The already described effect of pressure build-up and
popcorn cracking is illustrated in Fig. 14.4.

The effects of moisture preconditioning on package cracking were evaluated in a
second experimental step [5]. The specimens were exposed to vapor at a 85°C/85%
R.H. environment for 168 h according to JEDEC 112A, level 1. A second batch of
samples was exposed to 30°C/60% R.H. for 192 h (level 3 conditions). Both the
packages with absorbed moisture and dry packages were subjected to surface mount
solder reflow conditions with different peak temperatures up to 215°C.

No package cracking was observed for the dry packages. Again, the unfailed
packages were inspected by scanning acoustic microscopy. No inner damage could
be detected.

The level 1 preconditioned samples failed in all cases by popcorning. In spite
of the commonly expected failure mode with delamination at the lower die-pad/
encapsulant interface (type I), all packages exhibited delamination at the upper
die-attach/die-pad interface and subsequent package cracking to the outside, see
Fig. 14.5. In the case of level 3 preconditioned packages, about 30% of the
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Fig. 14.4 Observation of the development of popcorn delamination growth and MC cracking
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Fig. 14.5 Characteristic popcorn failure mode after level 1 preconditioning (type IV)

cracked samples have shown the same type of cracking, often referred to as type
IV cracking, while 70% failed by delamination pad/encapsulant. A typical cross-
section of a type I cracked sample is shown in Fig. 14.6. It is obvious from the
figures that the kink angles of the package cracks differ for both types of
cracking. Cross-sectioning of several samples has validated those cracking
directions to be characteristic in connection with the different delaminations. Full
delamination of the die-attach and package cracking initiating at the lower edge
of the die-pad with crack growth in the characteristic direction shown in Fig. 14.5
is the dominant failure mode with the thin QFP packages at level 1 precondi-
tioning. Thus, this failure mode was studied in further detail by finite element
analysis.
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Fig. 14.6 Characteristic
popcorn failure mode after
level 3 preconditioning
(type I)
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14.3.1 Characteristics of Encapsulant Materials

It is obvious from the stress phenomena discussed so far that mainly two ways are
open to improve package reliability:

e reduce intrinsic stress
e improve interface adhesion

Obviously, the first points become more significant for lead-free soldering,
since higher peek temperatures are reached during the soldering process. IC
package are subjected to solder shock temperatures, typically up to 260°C for lead-
free solder.

To reduce stress, one opportunity in standard application is to use the so-called
low-stress encapsulants. According to Koh et al. [2], low-stress encapsulants have
commonly been interpreted as having a low CTE: value to be closer to that of the
silicon chips. However, since thermal mismatch cannot be avoided, a truly
low-stress material must therefore possess additional characteristics that resist
crack initiation and moisture penetration. Because the shear stress is proportional
to the modulus, lower modulus is desired. Higher flexural strengths, on the other
hand, tend to retard crack initiation and propagation.

14.4 Theoretical Analyses

The stress state of the packages, when subjected to moisture, heat, and vapor
pressure, can be studied by FE analysis. Different delamination-related types of
analysis have to be performed to fully characterize the popcorn phenomenon:
moisture diffusion, transient thermal history, and thermo-mechanical stress anal-
yses. However, since a variety of materials data is required and these analyses
require non-standard coupling, they are seldom performed in such a detail.

Most important input data is the materials data. It is well known that filled
epoxies exhibit dependencies of the mechanical characteristics on moisture,
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Fig. 14.7 Flexural modulus as a function of temperature

temperature, and time, see e.g. [2, 6, 7]. A drop in mechanical stiffness occurs in
the range of the glass transition temperature 7, while the coefficient of thermal
expansion (CTE) usually increases. Additionally, the constitutive response of the
filled polymers becomes time dependent, especially at this temperature level.

Characteristic examples for the dependence of the elastic modulus on tem-
perature are shown in Fig. 14.7. The two multifunctional resins shown are the
so-called low-stress, highly filled epoxy-based molding compounds with 80 wt%
silica content. Both encapsulants reach their 7, at a temperature of about 170°C.
Their moisture absorption is low, a value of 0.42 wt% is given by the materials
supplier at 85°C/85% R.H. after 168 h. Similarly, the epoxy-based die-bonding
adhesive exhibits low moisture content of 0.66 wt% at the same conditions.

Reduction in CTE is achieved through use of optimized filler particle sizes and
distributions. The lower limit of approx. 10 x 10~® mm/mmK has already been
reached, and further reduction will be more difficult. Rather than continue to try
lowering the CTE, package failures are tried to be reduced more effectively if other
properties such as the flexural strength and moisture resistance are improved.

In numerical investigations by means of FEA, either strengths concepts or
fracture mechanics concepts are commonly used for design optimizations using
sensitivity analyses

In doing so, the most important points in simulation are

o the description of the constitutive behavior of all materials present in the model,

e the measurement and preparation of all relevant geometric and materials
properties,

o the definition of all necessary boundary conditions, loading conditions as well as
data or additional simulation steps required to define the stress-free state and
residual stresses from manufacturing (this could also include special materials
models describing the curing process of polymeric materials), and

e (after appropriate simulations) the evaluation of the possibly occurring failure
modes.
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A variety of investigations on the fracture mechanical treatment of interface
mechanical issues has been published by Tay et al., see e.g. [8, 9]. A complex
analysis considering all hygro-thermo-mechanical effects is published by Guojun
and Tay [9]. The main objective of this paper is to investigate the effects of
temperature, moisture diffusion, and vapor pressure on the likelihood of delami-
nation of the interface between the lead frame pad and the encapsulant. In this
paper, the entire thermal and moisture history of a plastic IC package is simulated
from the start of level 1 moisture preconditioning (85°C/85%RH for 168 h) to
subsequent exposure to a solder reflow process lasting about 5 min.
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Chapter 15
Thermal Capability of Components

C. Zardini and J.-Y. Deletage

15.1 Introduction

Since July 1st, 2006, the lead-free technology legally entered in its industrial
production phase. For the components manufacturers, the conversion to lead-free
required a tremendous work not only to eliminate the banned substances but also to
re-qualify the components according to the new soldering processes.

Indeed, for surface mount components, the most used alloy family for reflow
soldering, the SnAgCu, shows a liquidus temperature ranging between 217 and
221°C and it is agreed that during reflow the coldest solder joint temperature
should be no less than 230°C. Accordingly, the components are submitted to
temperatures notably higher than those to which they were submitted with the Pb
technology and much of them had to be re-qualified.

The problem of thermal capabilities of components was identified since the
Amsterdam meeting by the TEG components members because at that time, there
was sometimes confusion between “RoHS compliance” and “lead-free
processability”.

This topic was thus selected to be included in the prioritized solutions list of the
TEG components.

In fact, the high temperatures reached by the components during the soldering
processes are an issue for the main following reasons:

e the properties of organic materials are affected (the parts can become deformed
in a permanent way, the melting point of some dielectric films can be reached)

e the moisture absorption of molding compounds becomes more critical
(increased risk of “popcorning”).
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But the fact that the dissolution of metals in solder alloys is accelerated could
also be an issue for the wave soldering.

What can one say today in connection with the thermal compatibility of
components with the lead-free soldering processes?

To obtain brief replies, we examined more than 125 web sites of components
makers. We also learned from the members of the TEG components.

The obtained results are exposed below by distinguishing active and passive
components.

We will not discuss about the through-hole components because, as the lead-
free wave solder pot temperatures are in the range of 265-270°C (a slight increase
over the 250-260°C of the Pb containing alloys), they are normally robust enough
to sustain a wave soldering process.

15.2 Active Components

Plastic package diodes, transistors or ICs are generally made of a semiconductor
die, attached to a metallic leadframe or an organic substrate, encapsulated with a
molding compound. This compound is a blend of an epoxy resin, a hardener, a
filler, a catalyst, a flame retardant, a colorant and a mold-released agent. The most
important properties requested from a molding compound are a good moldability,
a good adhesion with the leadframe or the substrate, good insulating properties,
heat resistance, strength and an excellent resistance to humidity. Moreover, the
compound must be RoHS compliant.

To satisfy all these requirements and in particular to improve the heat resistance
and the resistance to humidity, the suppliers had to formulate new mold com-
pounds usable with the lead-free technology.

One of the main issues is the moisture absorption by the plastic package. This
problem was identified from the beginning of the use of the surface mount tech-
nology. During the reflow process, the high value of the vapor pressure of moisture
causes delamination of the packaging materials and can lead to well-known
“popcorn effect”. A moisture sensitivity classification was introduced—for the
solid-state devices—in the IPC/JEDEC J-STD-020 standard, which defines eight
“Moisture Sensitivity Levels” according to the floor life of the package.

With the lead-free technology, the moisture problem is exacerbated because of
the vapor pressure increase with temperature. When the temperature increases
from 230 to 260°C, the vapor pressure increases by about 70%. Just so, 260°C is
the temperature reached on the top of the package during the reflow process.
With such a high temperature level, the package is more prone to internal del-
aminations, the previous MSL cannot be preserved and the component must be
re-qualified.

The new version of the J-STD-020D.1 standard published in March 2008
defines the classification procedure with a reflow profile for Pb-free assembly [1].
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The peak reflow temperature 7, measured at the top package surface is in the
range of 245 to 260°C according to the package thickness and volume.
Other parameters:

Time maintained above T, = 217°C t = 60-150 s
Time within 5°C of peak temperature t, =30s
Average ramp-up time (7y, to T}) 3°C/s max
Ramp-down rate (T, to Ty 6°C/s max.
Pre-heat/soak minimum temperature Tsmin = 150°C
Pre-heat/soak maximum temperature Tsmax = 200°C
Time from Tpin t0 Tomax t, = 60-120 s

To be qualified for a given MSL, the packages must be able to sustain three
reflow processes. Furthermore, a Pb-free component shall be capable of being
reworked at 260°C.

Under these conditions, a J-STD-020D.1 compliant component should not
present thermal compatibility problems to the users of the lead-free technology.

When one consults the websites of the device manufacturers, one observes that
the home page almost always comprises a “RoHS”, an “Environmental” or a
“Support” heading.

Generally present, the FAQ heading is also extremely useful by the answers
which it gives.

Under these headings, recommended soldering profiles and data according to
J-STD-020D.1 are given. According to the standard, the components are able to
sustain three reflow processes. Some of them are also able to sustain four of them.

However, some products have limitations, particularly the optoelectronics
components. Some of them cannot sustain more than two reflows.

Some devices such as power components are RoOHS compliant but not strictly
speaking lead-free because of the Pb containing die attach solder, but this alloy is
exempt from current legislation due to the lack of replacement material.

In short, a user of “RoHS compliant” components should not encounter thermal
compatibility problems when a manufacturer refers to the J-STD-020D.1 standard.

By prudence, he must, however, consult his supplier for certain product lines.

15.3 Passive Components

As there is not yet a standard similar to J-STD-020D.1 for the passive components,
the manufacturers often refer to this one when they present the specifications of
their products. So that, RoHS compliant products are supposed to be capable of
withstanding lead-free solder processes but it is not the case of all the components.
For some passive components encapsulated in a molding compound, a moisture
sensitivity level is defined according to the J-STD-020D.1 qualification process.
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15.3.1 Resistors

Chip resistors are constructed by screen printing or depositing a thick or thin
resistive film on an alumina substrate. A protective coating is applied on the top of
the resistor and solderable terminations on the ends. A nickel barrier is applied
under the termination coating to prevent the dissolution (leaching) of the elec-
trodes during the soldering process.

The recommended reflow conditions are generally:

10 s or less at 255/260°C and 60-90 s above 220°C
so thermal capability is not an issue for these components.

Some manufacturers specify two or less reflow processes, probably to limit the
resistance drift.

However, these components are very robust and can withstand a wave soldering
process.

Trimming potentiometers, which are more complex components, are more
sensitive to heat. Nevertheless, the recommended reflow conditions are similar,
with a limit to two reflows.

15.3.2 Capacitors

15.3.2.1 Ceramic Chips

Ceramic chip capacitors are normally very robust components but they are prone
to cracking if submitted to sudden heating. Care must be taken to limit the heating
and cooling rates to about 3°C/s. This is not an issue for the components assembled
according to the J-STD-020D.1 reflow profile (provided that the cooling rate is
limited to 3°C/s) but could be one during wave soldering if the pre-heating stage is
not correctly adjusted in time and temperature.

The heat resistance of the chips, which is tested by dipping in a solder bath, is
for example:

260 =+ 5°C for 10 s.

In the absence of standardization, the reflow conditions given by the manu-
facturers are very varied:

e J-STD-020D.1 profile
e 240/260°C peak temperature for 5 s maximum, 30 s max at 240°C
e ctc...

The number of reflow cycles is generally limited to two but some products are
qualified for three reflows.

The ceramic trimmer capacitors can also withstand two reflow cycles with a
peak reflow temperature in the range of 240-260°C following the manufacturers.
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15.3.2.2 Film Capacitors

Film chip capacitors made with polyethylene teraphtalate (PET) or polyethylene
naphtalate (PEN) metallized films are not well adapted to the lead-free reflow
profiles because the highest temperature that they can withstand is in the range of
240-255°C.

In return, the capacitors made with polyphenylene sulfide (PPS) films can
sustain a 260°C peak temperature reflow profile including 50 s above 217°C.
Moreover, two reflow cycles are allowed.

However, film chip capacitors are not suitable for wave soldering.

15.3.2.3 Electrolytic Capacitors

Aluminum liquid electrolyte capacitors are also not well adapted to the lead-free
reflow profile. When their internal temperature increases, at first the liquid elec-
trolyte dilates and if its boiling point (204°C for y-butyrolactone) is reached, it
vaporizes. The inside pressure of the aluminum case increases, leading to the
deformation of the cylinder [2]. In the worst case, the case cracks and the capacitor
blows.

To avoid such a scenario the recommended peak temperature during reflow is in
the range of 230-240°C.

Aluminum solid electrolyte capacitors, the technologies of which were
improved these last years, do not have this disadvantage. The reflow profile can
have a peak temperature equal to 260°C with 50 s above 220°C. However, they
tolerate only one or two reflow cycles.

Tantalum capacitors can also be submitted to reflow profile with a peak tem-
perature in the range of 225-260°C, following the type and size.

As the tantalum and aluminum solid electrolyte are encapsulated in a molding
compound prone to absorb moisture, some suppliers specify a moisture sensitivity
level as for the active components, for example MSL 3.

15.3.3 Magnetic Components

Since the introduction of the lead-free technology, several problems have been
identified with the wirewound surface-mounted magnetic components.

These components are made with enamelled copper wires composed of single
or multiple conductors wound on a coil former or directly on a toroid magnetic
core. The first identified problem is linked to the ability of the wire insulating
enamel to sustain the peak temperature reached during the reflow process. The
“enamel” is in fact an organic material applied on copper in multiple passes, each
one followed by a curing stage.
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Table 15.1 Magnet wires temperature classes
Class A B F H 200 220 >220
For prolonged life at °C 105 130 155 180 200 220 >220

Theses wires are called “magnet wires” and their specifications are the subject
of several standards [3, 4].

According to their insulations properties, the magnet wires can be classified by
temperature, from 105°C to more than 220°C (Table 15.1).

To be qualified for a given class, an insulating material should remain effective
for a period of 5,000 h when exposed to a temperature 20°C above the class rating,
and its extrapolated life must be at least 20,000 h at the claimed rating.

Notice that the temperature to which the enamel degrades is higher than the
class temperature but not given by the standards.

Until now, with SnPb reflow profiles, class B magnet wires gave satisfaction,
but if one use them with lead-free reflow profiles the enamel can be degraded
during the process, leading to defects such as shorts between adjacent turns.

To avoid these problems, experience shows that using class 180 [5] or higher
magnet wires is recommended to get components able to sustain for example three
reflows.

The same goes for the coil former whose material must be chosen according to
the magnet wire class. Liquid crystal polymer reinforced glass coil formers with
copper-tin alloy matte tin plated pins give good results.

The winding wires are generally connected to the pins by dip soldering, and this
process can be the source of problems which will appear thereafter. It is well
known that a piece of metal immersed in liquid solder will dissolve. The main
factors influencing the rate of dissolution are the base metal, the solder compo-
sition and the temperature. The rate of dissolution of several metals in SngyPbyg
solder was studied and showed that copper dissolves more slowly than silver or
gold for example [6]. Until now, with the SnPb alloys, it had not been announced
dissolution problems following dip soldering of copper wires to the pins of the coil
formers but standardized tests exist to verify it [7].

Problems could appear with the lead-free solder alloys for two reasons. At first,
the rate of dissolution of copper in high tin composition alloys such as SAC is
much higher than in SnPb alloys. Secondly, the dissolution of metal is a thermally
activated process. The temperature of the dip soldering bath and that of the reflow
process is higher with SAC alloys than with conventional SnPb ones. As a result,
the copper dissolution is more visible with the lead-free processes. If the com-
ponent is submitted to several reflows, the dissolution is even more sensitive.

This phenomenon is not annoying for wires of large diameter but can be an
issue for “litz wires,” which consist of a number of individually insulated magnet
wires twisted or braided in a uniform pattern to reduce eddy currents losses in high
frequency applications. The diameter of elementary wire used to manufacture litz
wires starts with 20 pm and can go until the millimeter. If nothing is to be feared
with the large diameters, magnetic components designers using litz wire must take
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into account the copper dissolution issue when choosing the used elementary wires
and avoid the too thin ones.

The last issue identified for the surface-mounted magnetics components comes
from the insulating material used to separate the layers of wires or to bound the coil.
The dielectric films used for the manufacture of the component must also be able to
sustain the temperatures encountered during the reflow processes. For example,
polyester films whose melting point and service temperature are, respectively, 254
and 130°C cannot be used and must be replaced by better materials such as poly-
imide, which presents also much better shrinkage properties [8].

At the end of the component fabrication process, a magnetic core is assembled
around the bobbin. Most of the magnetic components use a ferrite core and one can
wonder whether the properties of this material, in particular the permeability, will
not be affected by the temperature reached during the reflow process. In fact, as
these materials have been sintered at temperatures in the range of 1,000-1,400°C
they are not affected even after three reflows. Finally, if the core is a two-part one
assembled by gluing, the adhesive must be carefully chosen to be able to resist
three reflows.

The information about the thermal capabilities given on the sites of the SM
inductors, filters, transformers or current sense suppliers is ambiguous. The RoHS
compliance is always declared and accompanied by the mention “reflow solder-
able” or “suitable for reflow soldering” but recommended solder reflow profiles
are seldom given.

Instead of the profiles, we find specifications or advices such as:

e resistance to soldering heat 260°C for 5 s
e peak temperature 250°C max for 10 s, 50 s max above 230°C
e 260°C compatible.

When a profile is mentioned, it is the J-STD020D.1 one.

Concerning the number of reflows that a component can sustain, the informa-
tion is generally not available. Sometimes it is mentioned that the component can
be submitted to a reflow process “two times or less”.

To conceive reliable equipment, the designer using industrial magnetic com-
ponents will thus be obliged to contact his supplier to obtain this information,
which is essential for him.

15.3.4 Connectors

For the connectors’ manufacturers who adopted the tin finish, the main RoHS
compliance issue was certainly that of the whiskers growth, which had to be solved
with the bath suppliers. But moreover, to be reflow compatible, the connector
housing material should be capable of withstanding 260°C for 10 s without
becoming deformed. This compatibility obliged the connector manufacturers to
use thermoplastic materials whose heat deflection temperature is higher than
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260°C, and among them liquid crystal polymer (LCP) and polyphthalamide (PPA)
which are also most expensive.

The RoHS and reflow compatibility are clearly shown in the datasheets. For
some products, a two reflows capability is indicated but generally this point is not
mentioned.

The same remarks can be made for the IC sockets.

15.3.5 Crystal Units

Crystal units in ceramic or metal packages are reflow compatible (260°C 10 s and
60 s above 220°C) but the number of reflows is not mentioned.
The same goes for the TCXO, VCXO and ceramic resonators.

15.3.6 Fuses

RoHS compliant resettable and non-resettable surface mount fuses are not all
reflow compatible. This capability must be checked on the datasheets.

15.3.7 Relays

RoHS and reflow compatible plastic package surface mount solid state or con-
ventional relays with a specified MSL are available.

15.3.8 Switches

RoHS and reflow compatible rotary and DIP switches are available.

15.4 Conclusion

The RoHS and STD-020D.1 compliant solid-state devices should not pose prob-
lems of thermal capability because they are normally able to sustain three reflow
cycles and shall be capable of being reworked at 260°C.

For the passive components, the situation is contrasted.

Most of them are reflow compatible but the number of cycles, which they can
withstand, is not always given by the manufacturers.
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However, some of them like film capacitors or liquid electrolyte capacitors are
not recommended for reflow soldering.

As a general rule, even if the manufacturers declare that the RoHS compliant
products are supposed to be capable of withstanding lead-free solder processing,
this must be checked on the datasheets, specially for the plastic encapsulated
components.
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